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 Cotton (Gossypium hirsutum L.) is widely grown in the United States with 5.7 
million ha grown nationally and 1.2 million ha grown in the humid southeastern states in 
2005.  From 1969 to 2003, agricultural irrigated farmland acreage and total water applied 
increased by over 40% and 11% respectively to include a total of 55.3 million acres in 
2002.  Combined with recent and more frequent drought periods and legal water conflicts 
between states, there has been an increased interest in more effective southeastern water 
management, thus making the need to develop improved irrigation scheduling methods 
and enhanced water use efficiency of cotton cultivars. 
Several irrigation scheduling methods (soil moisture monitoring, pan evaporation, 
and climate based) tested at Clemson and elsewhere have shown that sensor-based 
irrigation significantly increased cotton yields and provided a monetary savings 
compared to other methods.  There is however limited information on capacitance based 
soil moisture analysis techniques in the southeastern coastal plain soils and also limited 
locally developed crop coefficients used in scheduling the ET based treatments. 
The first objective of this study was to determine and improve the feasibility of 
utilizing sensor-based soil water monitoring techniques in Southeastern Coastal Plain 
soils to more effectively manage irrigation and increase water use efficiency of several 
cotton cultivars.  The second objective was to develop two weighing lysimeters equipped 
with wireless data acquisition system to determine a crop coefficient for cotton under 
southeastern humid conditions.   
 iii 
 Two multi-sensor capacitance probes, AquaSpy™ and Sentek EnviroSCAN®, 
were calibrated in this study.  It was found that positive linear calibrations can be used to 
describe the relationship between the soil volumetric moisture content (VMC) and sensor 
readings found for both probes and that multi-sensor capacitance probes can be used to 
accurately measure volumetric soil moisture contents, if installed and calibrated properly.  
It was determined that a direct installation method should be used rather than a slurry mix 
method.  The slurry method was found to overestimate the VMC in sandy soils. 
 There were good correlations between In Season Estimated Yield (INSEY) as 
measured by the plant Normalized Difference Vegetation Index (NDVI) and the VMC of 
the soil.  Results showed that when separated by irrigation regime, the relationship 
between INSEY and VMC follows good linear correlations.  This was due to the health 
of the plant and its dependency on soil moisture. 
 There were strong correlations between irrigation depths applied and seed cotton 
yields.  Highest water use efficiency values were 0.55 kg seed cotton/m
3
 water applied in 
2008 (0.55 kg seed cotton/m
3
 ET) and 0.788 kg/m
3
 water applied (0.66 kg/m
3
 ET) in 
2009. 
 Two weighing lysimeters were constructed to provide cotton and reference ET 
measurements.  Evaporation pan and weather data from a local station were also used to 
provide a basis for calculating ET.  Because the Penman-Monteith (P-M) method is 
widely known and trusted, a set of crop coefficients were developed based on P-M and 
cotton lysimeter data and determined to be 0.91, 1.24, and 0.72 for the initial, mid, and 
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CAPACITANCE AND OPTICAL SENSORS FOR IRRIGATION 
SCHEDULING AND DETERMINING WATER USE EFFICIENCY OF 
COTTON CULTIVARS IN COASTAL PLAIN SOILS  
 
1.1 Introduction 
With the current growth of population, water management has grown to become 
an ever expanding concern.  Between 1950 and 2000, while the United States population 
almost doubled, the public demand for water more than tripled.  Recent surveys have 
shown that 36 states are expecting water shortages locally, regionally, or statewide by 
2013 (US EPA, 2009). 
Agriculture is no exception to these shortages since it accounts for over 80 
percent of freshwater consumption nationwide (Schaible and Aillery, 2006).  From 1969 
to 2003, irrigated farmland acreage and total water applied increased by over 40% and 
11% respectively to include a total of 55.3 million acres in 2002.  Within the past decade, 
the greatest growth occurred in the eastern states. (Gollehon and Quinby, 2006).  
Combined with the recent drought periods, legal conflicts between states, and soil 
variability, there has been a renewed interest in southeastern water management. 
Recently, USDA has begun pushing practices such as farm-level irrigation water 
management (IWM).  These management practices aim to reduce agriculturally induced 
nonpoint-source pollution, including surface and groundwater contamination, reductions 
in soil erosion and sedimentation, and ultimately conservation of ground and surface 
water.  Schaible and Aillery (2006) of USDA recommend several ways to reduce water 
 2 
consumption.  First, by applying less than a crop‟s full consumptive requirement; second, 
changing to alternative crops or varieties known to use less water; or finally by using 
irrigation technologies and practices that are more efficient.  The original technologies 
focused on the irrigation system and how to apply the water such as low-pressure and 
low-energy precision application (LEPA) systems.  Newer advances in application 
technology focus on the control of individual sprinklers and nozzles for precision 
agriculture (Schaible and Aillery, 2006) 
According to the USDA Economic Research Service, nearly 80% of irrigated 
farms use a visual observation to irrigate, and 6-35% use the feel of the soil, irrigate 
“when their neighbor irrigates”, use a “personal calendar schedule,” use “media daily 
weather/crop evapotranspiration (ET) reports,” or irrigate based on “scheduled water 
deliveries.”  Only eight percent or less of irrigated farms use irrigation scheduling 
services, computer simulation models, or plant and/or soil moisture sensors for 
scheduling irrigation (Schaible and Aillery, 2006). 
Several irrigation scheduling methods (soil moisture sensors, pan evaporation, 
tensiometers, and weather data) have been tested at Clemson to determine the optimum 
irrigation scheduling methods in cotton (Gossypium hirsutum L.) production. The results 
showed that sensor-based irrigation application significantly increased cotton yields and 
provided monetary savings compared to ET-based treatments. The ET-based methods 
underestimated irrigation requirements due to inadequate crop coefficients that were not 
locally calibrated. Therefore, efforts during the past three years have concentrated on 
evaluating capacitance moisture sensors for irrigation scheduling (Khalilian et al., 2008). 
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As shown by Paltineanu and Starr (1997), multi-sensor capacitance probes have 
been used to accurately measure volumetric soil moisture contents in a soil water 
monitoring system, however currently there is no published data on the performance of 
multi-sensor capacitance probes in multi-layer soils of the coastal plains region. 
 Optical sensing such as plant Normalized Difference Vegetation Index (NDVI) is 
another proposed approach to irrigation scheduling.  Research has shown that factors 
such as plant growth and development can be effectively mapped with remotely sensed 
reflectance data (Moran et al., 1997; Senay et al., 1998; Plant and Keely, 1999) and 
numerous studies have shown high correlations between particular vegetation indices 
developed from spectral observations and plant stand parameters (Weigand et al. 1991).  
There is however little published information on the use of this technology for soil 
moisture determination and scheduling irrigation in the southeastern United States. 
As competition for limited water resources increases, water use efficiency (WUE) 
for agricultural irrigation becomes more important. WUE and drought tolerance in cotton 
is highly valuable to agriculture in the U.S. and the world.  Screening cotton varieties for 
water use efficiency would help growers to maintain or increase crop production with 
less water.  After calibration, capacitance-based sensors can be tested while determining 
the water use efficiency of different cotton cultivars under the southeastern growing 




The overall objective of this study was to determine and improve the feasibility of 
utilizing sensor-based soil water monitoring techniques in southeastern Coastal Plain 
soils to more effectively manage agricultural water resources. 
The specific objectives were to: 
 Determine the feasibility of utilizing capacitance based moisture probes in 
irrigation scheduling by calibration, verification, and soil water 
management; 
 Determine the feasibility of utilizing plant NDVI for irrigation scheduling 
in cotton production; and  
  Determine the water use efficiency of several cotton cultivars. 
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1.3 Review of Literature 
This section aims to review the literature related to the study objectives and it 
consists of six subheadings: 
 1) Irrigation Scheduling, 
 2) Soil Properties Related to Irrigation Scheduling, 
 3) Variable Rate Irrigation, 
 4) Capacitance Probe Sensors, 
 5) Optical Sensing, and 
 6) Water Use Efficiency (WUE). 
1.3.1 Irrigation Scheduling 
 As reported by Niyazi (2006): “Irrigation scheduling is a technique that involves 
determining how much water is needed and when to apply it to the field to meet crop 
demands.  The main purpose of scheduling irrigation is to increase the profitability of the 
crop by increasing the efficiency of using water and energy or by increasing crop 
productivity.”  This can be done by reducing the amount of runoff and/or deep 
percolation water loss or by controlling the environment around the plant.  Therefore, by 
managing the soil water status and the current crop water use, water can be applied at 
specific times to meet the crop demands and minimize water loss, runoff and deep 
percolation (Niyazi, 2006). 
1.3.2 Soil Properties Related to Irrigation Scheduling 
 Soil texture, structure, infiltration, and pore size all have a large impact on 
irrigation scheduling because they each contribute to a particular soils ability to hold and 
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move water.  Variability throughout the field in soil type, horizon depth, topography, and 
water holding capacity all have to be considered when scheduling irrigation.  A field can 
be divided into management zones to account for this variability when using variable-rate 
technologies.  Often used for this is the soils electrical conductivity (EC).  Khalilian et al. 
(2001) reported that soil EC has a direct positive correlation with the clay content of a 
soil and a direct negative correlation with sand contents.  Soil moisture content is an 
important characteristic used to evaluate irrigation needs, runoff susceptibility, and plant 
available water.   









,                                                         (1.1) 
where Vw is the volume of water contained in the total sample volume (m
3
) and Vt is the 
total soil, water, and air volume (m
3
).  The VMC is also defined by the relationship: 
𝜃𝑣 = 𝜃𝑚 ∗
𝜌𝑏
𝜌𝑤
,                                                    (1.2) 
where θm is the gravimetric moisture content (GMC) as given by the ratio of the mass of 
the water (kg) to the total mass of the volume (kg), ρb is the bulk density of the volume as 
given by the ratio of the mass of the solids (kg) to the total volume (m
3
), and ρw is the 
density of water (1000 kg/m
3
) (Bosch, 2002). 
1.3.3 Variable Rate Irrigation 
Cotton in the Southeastern United States is generally produced in fields which are 
known to have a high degree of variability in soil type, topography, water holding 
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capacity and other major factors which affect crop production.  Therefore, uniform-
application of irrigation water to these fields tends to under- or over-apply water to the 
crop. Variable rate irrigation (VRI), also known as site-specific irrigation and a form of 
precision agriculture, has been developed to irrigate based on field variability and crop 
water need.  Using management zones, water is applied variably throughout the field 
rather than in a uniform rate over the entire field.  However, to make VRI and automated 
irrigation systems feasible, accurate and continuous soil measurements will be essential 
(Bellamy, et al., 2009). 
1.3.4 Capacitance Probe Sensors 
For improved soil water management, there is a need for better methods and 
techniques to collect accurate and real-time soil water measurements at specific depths 
while minimizing disturbance of the soil.  Most common soil water monitoring methods 
presents one or more limitations, however capacitance probes can achieve accurate soil 
water measurements with small intervals and very little disturbance if installed correctly 
(Paltineanu and Starr, 1997). 
To relate soil water measurements with capacitance probe readings, a calibration 
must be performed between the sensor readings and actual soil moisture readings taken 
by the sensors.  “Calibration implies the establishment of a precise relationship between a 
new system of measurement and one which is long established and accepted as a standard 
method for measuring the same variable” (Bell et al.,1986).  In the case of capacitance 
probe calibrations, standard gravimetric methods are used along with sensor readings 
based on the electrical properties of soil (Bosch, 2002).  “Due to high forces acting on it, 
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a bound water molecule interacts with the incident electromagnetic wave in a manner 
dissimilar to that of a free water molecule, thereby exhibiting a very different dielectric 
dispersion spectrum.”  In the case of capacitance probes, the soil becomes a part of the 
capacitor.  As an electric field is applied by the capacitance probe sensor, the water 
molecules become polarized and act as dipoles in the dielectric medium (Paltineanu and 
Starr, 1997).  This dielectric medium has properties that act like insulation and resist the 
transfer of an electrical charge.  Thus, the material is a poor conductor of electricity.  
However, because of this property, the material is also an efficient supporter of 
electrostatic fields and can be described by a dielectric constant (Ka) that is dependent on 
the temperature, soil material, frequency of the sensor, and the chemical properties of the 
soil (Bosch, 2002).  The dielectric constant of pure water (Kw) at 20⁰C and atmospheric 
pressure is 80.4 while that of soil solids is normally described within the range of 3 to 7 
and air 1 (Paltineanu and Starr, 1997).  Thus, as the moisture content within the pores of 
soil solids increases, the dielectric constant of the soil increases significantly (Yoder et 
al., 1998) 
Several different sensors and calibration methods have been used in testing 
sensor-based soil water management.  Yoder et al. (1998) tested several sensors including 
neutron, capacitance, time domain reflectrometry (TDR), gypsum blocks, and 
Watermark® in a repacked column and found the electrical capacitance sensors in the 
study performed the best in overall moisture ranges and soil types.  Evett et al.  (2002) 
used a re-packed soil technique to test three types of capacitance sensors along with 
others and found that the Sentek EnviroSCAN® and TDR sensors were the most 
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accurate.  Evett and Steiner (1995) performed a field calibration in Texas on an Amarillo 
fine sandy loam.  They found that the capacitance probe was accurate to an 8cm soil 
layer.  They also found that small differences in ρb and θv may increase the variability of 
the probe readings.  Bell et al. (1986) reported the relationship between sensor readings 
and volumetric moisture contents were not linear and different soils do not necessarily 
follow any one calibration line.  Therefore, with any vertical differences in the soil‟s 
profile, more than one calibration may need to be performed on each layer in the profile 
(Bell et al., 1986). 
As noted before, the Ka is also dependent on the temperature of the soil.  
Paltineanu and Starr (1997) noted that temperature effects are practically negligible when 
the temperature is within 10 to 30⁰C.  Therefore, one problem may be the open air within 
the walls of the access tube or probe.  Other problems often encountered were air gaps 
between a free-floating probe and the access tube, non-uniformity of the inside wall of 
the access tube, and poor installation of the access tube causing air gaps and changes in 
bulk density of the surrounding soil (Paltineanu and Starr, 1997).  The sensors used in 
this study were all claimed to have precision made access tubes thus no gaps between the 
sensors and probe wall and no variances in the wall thickness.  The installation method 
will further be elaborated on in the methods section to minimize the effects of these 
problems. 
A final common problem in capacitance probes is the quantity of soil the sensor 
reads.  This idea is most commonly known as the “sphere of influence,” however in the 
case of the capacitance probes used in this study, it is not actually spherical or precisely 
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defined.  Dean et al. (1986) found that gaps of 0.5mm between the probe and soil can 
possibly be tolerated and Patineanu and Starr (1997) found that that 99% of the reading 
from the probe was obtained within a radial distance of 10 cm from wall of the access 
tube and 95% within 4 cm.  Overall, capacitance probes are described as “precise, 
sensitive, lightweight, economical in construction, simple and quick in use” (Dean et al., 
1986). 
1.3.5 Optical Sensing 
Optical or remote sensing was pioneered by ARS scientists William Allen, Harold 
Gausman, and Joseph Woolley to relate “morphological characteristics of crop plants to 
their optical properties” (Pinter et al., 2003).  Optical sensors reflect certain spectrums of 
light off of the leaf surfaces of the crop allowing a way of “estimating the photosynthetic 
status of the crop,” and are often quantified using vegetation indices.  Vegetation indices 
are often calculated from green (~500-600nm), red (R) (~600-700nm), and near infrared 
(NIR) (~700-900nm) bands (Plant et al, 2000).  They are used as a way of estimating the 
plant health or vigor, but often lack the ability for identifying a particular type of stress 
imposed on a plant (Pinter et al., 2003).  One of the most commonly used indices is the 




                                                   (1.3) 
To correlate a quantity to NDVI, a relationship between reflectance and some 
measure of the crop status on the ground must be established (Plant et al., 1999).  
According to the manufacturer of the GreenSeeker® RT200 System, NDVI data can be 
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related to nutrient response, condition of the crop, yield potential, stress, or the pest or 
disease impact on the crop. 
In this case, the soil water status is used for this ground measurement.  According 
to Plant et al. (1999), there are many reasons why NDVI may relate to the water stress.  
Soil water ultimately has a cumulative effect on many vegetation properties such as the 
quality of the canopy structure as impacted by wilting or possible reductions in leaf 
quantities (Plant et al., 1999).  Considerable amounts of research has used remote sensing 
to determine when and how much irrigation to apply by monitoring the plant water status, 
measuring the rate of crop evapotranspiration, or by estimating the crop coefficient 
(Pinter et al, 2003).  Much of this research is limited to outside the southeast humid areas 
of the United States. 
USDA-ARS in Arizona is testing a variety of remote-sensing methods on cotton 
including a tractor and aerial mounted visible and near-inferred sensors.  These sensors 
were originally intended to detect nitrogen levels, but in this case are being used for one 
to estimate evapotranspiration of the cotton with R and NIR signals.  Ultimately, the 
intentions of the study are to tie the soil moisture and plant water use data collected in the 
field to data from satellites performing the same function as the tractor mounted sensor 
(O‟Brien, 2009).  Plant et al. (1999) found that the NDVI measured in sandy soil areas 
was considerably less than that of loamy areas.  High soil water and organic matter 
contents can also cause low reflectance readings on bare soil surfaces with influences 
also seen by soil mineral contents.  Optical properties of the plants change with stage of 
growth and are strongly affected by “illumination and viewing angles, row orientation, 
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topography, meteorological phenomena, and other factors not directly related to 
agronomic or biophysical plant properties” (Pinter et al., 2008).  Due to these reasons, 
care must be taken to collect data under the same conditions for each collection event 
(time of day, weather, etc.). 
1.3.6 Water Use Efficiency 
 Water use efficiency (WUE) is the resulted yield from a unit amount of water 
consumed and is an important index for estimating the efficiency of the water used by a 




,                                                                  (1.4) 
where Y is the crop yield from a unit area (kg/ha) and ET is the cumulative crop 
evapotranspiration (ETc) or equivalent to the water depth applied/consumed in cubic 
meters on a unit area.  As defined by the American Society of Agricultural and Biological 
Engineers (ASABE), the definition of WUE is the dry matter or harvested portion of the 
crop produced per unit of water consumed and the ration of water beneficially used to the 
water delivered to the area being irrigated (Khalilian, 2009). 
 Many factors affect the WUE at the field scale.  It may vary both spatially and 
temporarily, and is influenced by the soil conditions, irrigation water management, 
agricultural practices, and atmospheric factors.  In the southeast, the screening methods 
for WUE should be site-specific (Bellamy et al., 2009).  Agronomical research and 
improved water management practices has increased the WUE of cultivars during the 
years.  Globally, the range for cotton seed WUE values range from 0.41 to 0.95kg/m
3
.  
Lint WUE values typically range from 0.14 to 0.33kg/m
3
 (Zwart and Bastiaanssen, 2004). 
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 Farahani, et al. (2009) tested a water simulation model (FAO, AquaCrop) on 
cotton in the Mediterranean climate to develop further parameters for its future use.  This 
model is site-specific thus needs further data for calibrating and testing parameters under 
various climate, soil, cultivars, irrigation methods, and field management techniques.  
The data obtained within this study at Clemson may be helpful in improving models such 
as this due to its unique local variables (climate, soil conditions, etc.). 
Duffy (2009) reported that two USDA scientists (Nuti and Truman) improved 
water use efficiency by utilizing a furrow diker.  This practice was very beneficial and 
actually produced a return investment in the form of reduced irrigation costs, saving 
growers 63mm of water per hectare during a moderate drought.  It also reduced runoff 
and decreased soil erosion while allowing greater time for the water to infiltrate. 
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1.4 Materials and Methods 
1.4.1 Equipment and Instrumentation 
1.4.1.1 Capacitance Moisture Probes 
Two different multi-sensor capacitance probes, Sentek EnviroSCAN® (Sentek 
Sensor Technologies, South Australia) and AquaSpy™ (AquaSpy™ Inc., Adelaide, 
South Australia), were used in this study. The EnviroSCAN® probes contained sensors at 
depths of 10, 20, 30 40, and 60cm as seen in Figure 1.1. 
 
Figure 1.1.  Sentek EnviroSCAN® multi sensor capacitance probe. 
Each sensor consists of two conductive rings (brass) forming the “capacitor” 
connected to circuitry.  The ring area and the space between the two rings are fixed.  The 
system forms an oscillator that‟s frequency depends on the changing dielectric constant 
of soil-water matrix.  On these particular sensors, the sphere of influence has been found 
to be 130 mm to 150 mm horizontally in free air and 85 mm to 120 mm vertically 
(Sentek, 1997). 
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The AquaSpy™ probes contain a flexible circuit board within sealed construction 
that performs the same function and contains sensors at depths of 10, 20, 30 40, 50, and 
60 cm. 
1.4.1.2 Irrigation System 
The test field was equipped with a 76.2 m long linear-move irrigation system 
(LMIS) modified to apply variable-rate irrigation (VRI) as described by Moore (2005) 
with low energy precision application (LEPA) drops.  This system was slightly different 
than the system described by Moore in that it was divided into 20 zones with two drops 
per zone.  Each zone is controlled independently to apply different irrigation rates 
compared to other zones.  Figure 1.2 shows a photograph of the LMIS used in the study.  
Drops were blocked after every three rows to prevent watering in neighboring plots.  The 
LEPA system consisted of Quad Spray® drops (Senninger Irrigation Inc., Clermont, FL) 
hanging so that the irrigation head was just above the ground.  Four different irrigation 
patterns (bubble, aerated bubble, spay irrigate and chemigate) can be used with LEPA 
nozzles that allow the water to be applied differently depending upon the growth stage. 
Each of these settings can increase the efficiency of the irrigation by decreasing effects 
seen by wind and evaporation. 
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Figure 1.2.  Linear-move LEPA irrigation system. 
1.4.1.3 Soil Electrical Conductivity Meter 
A commercially available Veris 3100 soil electrical conductivity (EC) meter 
(Veris Technologies, Salina, Kansas) was used for mapping soil variation in the test field.  
The Veris mapping system (Lund et al., 1999) consists of a sensor cart on which three 
pairs of straight-blade disk coulters are mounted. These coulters serve as electrodes from 
which soil EC measurements are made as the sensor cart is pulled through the field. One 
pair of the coulters emits an electric current into the soil while the other coulter pairs 
receive the current and measure the amount of current that was conducted through the 
soil in milliSemens per meter (mS/m). A loss in voltage is then correlated to the soils 
ability to conduct electricity and thus to its properties and type. 
The Veris normally measures EC at two depths, shallow (0-30cm) and deep (0-
91cm).  The unit is linked to a DGPS (AgGPS, Tremble Navigation Limited, Sunnydale, 
CA) system which can generate a continuous soil texture map. The map is then converted 
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to a shape file through a Geographic Information System (GIS).  Figure 1.3 shows the 
Veris 3100 system with the tractor.  More information can be found in Gorucu (2003). 
 
Figure 1.3. The Veris® 3100 EC meter. 
1.4.1.4 Soil Sampling Equipment and Giddings Probe 
The soil sampling equipment as seen in Figure 1.4 consisted of several 6cm tall, 
5.4cm inside diameter (ID) brass cylinders (Soil Moisture Corp., Santa Barbara, CA), a 
homemade steel ring to fit over the cylinder for driving the rings in the ground, a trowel 
for digging cores out of the soil, a core extractor from a soil sampler model number 200 
(Soil Moisture Equipment Corp., Santa Barbara, CA), a flat surfaced hammer for hitting 
the extractor, and marked tins.  
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Figure 1.4.  Soil sampling equipment for probe calibration. 
A tractor-mounted, hydraulically-operated Giddings soil sampling/coring system 
(Model MGSRTS; Giddings Machine Co. Inc., Windsor, CO) was used in this study for 
installing moisture probes (Figure 1.5). The Giddings machine was powered by tractor 
PTO and was equipped with heavy duty rotary head, 180⁰ swinging mast, 1.07m stroke 
mast, 19 liter oil reservoir, hydraulic oil cooler, hydraulic pump, machine anchoring 
system, and four way leveling system. This machine features direct push only or with 
rotary combination designed for the use of all types of augers, soil tubes, etc. up to 25cm 
diameter. 
 
Figure 1.5.  Giddings soil sampling device (left) and sampler with moisture probe (right). 
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1.4.1.5 GreenSeeker® RT200 System 
A commercially available optical sensor, GreenSeeker® RT-200 (NTech 
Industries, Inc. Ukiah, CA), was used to measure crop normalized difference vegetative 
index or NDVI (Figure 1.6).  The RT-200 consists of six optical sensors, mounted on a 
John Deere 6700 self-propelled Hi-Boy, on 96cm centers.  The system was setup to map 
the six middle rows of an 8 row cotton plot. The NDVI value for each plot was the 
average of six sensors. The system was equipped with a DGPS receiver and an onboard 
computer for collecting, storing, and analyzing NDVI data. In addition, a handheld 
GreenSeeker® RT-100 mapping system was also used to collect NDVI data from plots 
with poor emergence (Figure 1.6). 
 
Figure 1.6. Sprayer mounted GreenSeeker® RT 200 system and handheld unit. 
1.4.2 Field Experiments 
1.4.2.1 Test Field 
The study was conducted at the Edisto Research and Education Center (EREC) of 
Clemson University near Blackville, South Carolina, USA.  The field is located at a 
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latitude of 33⁰21.54‟N and a longitude of -81⁰19.96‟W with an elevation of 100 m above 
sea level.  The site is located on the southeastern Coastal Plain in Barnwell County. 
The soil within the test field is a Varina loamy sand.  This soil, a typical coastal 
plain soil, is comprised of three often distinct layers.  A sandy topsoil (A horizon), a 
sandy clay subsoil (Bt horizon), and sand to sandy clay layer in between (E horizon).  
The E horizon is most often referred to as the hardpan and is a very hard mix of clay and 
sand.  The typical profile is seen in Figure 1.7.  On the left is an AquaSpy™ probe as 
seen during a calibration procedure with the hardpan layer distinctly visible just below 
the 30cm line.  As reported by Niyazi (2006) for this location, the field capacity of the 










Figure 1.7.  Typical southeastern Coastal Plain soil with moisture probe (left). 
Knowing the soil physical properties such as the depth to hardpan and clay was 
vital to scheduling irrigation.  This was measured with a 2.5cm soil core sampler (Soil 
Moisture Corp., Santa Barbara, CA).  In all of the plots containing a soil moisture sensor, 
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three samples were taken 50cm deep and depths to the hardpan and clay layers were 
measured and averaged for each layer. 
The field has been susceptible to high runoffs in some areas of the field due to 
elevation differences.  The south corner of the field was located on a slope and no test 
plots were established in this area.  In the 2008 season, the field was possibly affected by 
a herbicide treatment killing small portions of the cotton.  On June 9, 2008, these areas 
were replanted to prevent gaps in the final stand counts.  To prevent any residual effects 
of this chemical in the 2009 season, the entire field was subsoiled and turned with a 
bottom plow.  In May 2009 a heavy rain occurred, washing out the center portion of the 
field.  Plots severely affected by this washout were A9, B9, C9, E9, F9, H10, I10, and 
G11 as seen later in Figure 1.13.  The field was re-cultivated so as to pull soil back in the 
washed area; however there were still problems with this washed area throughout the 
season with runoff and possible nutrients removed by the wash.  The turned soil also 
caused much of the hardpan to be brought to the surface forming sort of a new hardpan 
layer in some plots.  This caused increased compaction during planting and growth was 
stunted in some portions of the field.  In some parts of the field, plants did not emerge at 
all and were replanted.   
To prevent further damage due to runoff from the field throughout the season, a 
Dammer Diker® (Ag Engineering & Development Company, Tri-Cities, WA) was used 
in the field.  Driving in a relatively low gear and slow speed, it created 3.8 liters 
reservoirs in the furrows where the LEPA drops hung.  This device and an example of the 
reservoirs can be seen in Figure 1.8. 
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Figure 1.8.  Dammer Diker® and reservoirs. 
1.4.2.2 Soil Moisture Sensors (SMS) 
 
Tests were conducted to determine the accuracy of the capacitance moisture 
probes in coastal plains soils.  Two installation techniques, “slurry” and “direct,” were 
compared side-by-side in a typical coastal plains soil (Verina sandy loam soil) using four 
Sentek probes.  Nine EnviroSCAN® multi-sensor capacitance probe were calibrated at 
sensor depths of 10, 20, 30, 40, and 60 cm.  A direct installation method was developed 
and used for calibrating seven AquaSpy™ above ground probes to eliminate the need for 
the slurry installation method. The AquaSpy™ probes contained sensors at depths of 10, 
20, 30 40, 50, and 60 cm.   
1.4.2.3 SMS Installation 
For the Sentek direct installation method, a PVC access tube was installed by 
inserting it through the guide block (as seen to the left of Figure 1.9) into the soil using a 
dry drilling technique explained in Paltineanu and Starr (1997).  For the slurry installation 
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method, a hole was drilled using a specially designed auger as seen to the right in Figure 
1.9. 
 
Figure 1.9. Probe installation techniques: direct (left) and slurry (right). 
The diameter of the hole was about 0.6 cm larger than the probe‟s outside 
diameter. The slurry was made from watered down excavated sandy clay soil and then 
poured into the hole as seen to the left of Figure 1.10.  The probe was then installed into 
the slurry.  Several weeks were allowed after installation to perform the calibration 
procedure. 
 
Figure 1.10.  Slurry mixing (left) and pouring into hole (right). 
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 To install the AquaSpy™ probes directly for calibration and for use in the field, a 
method was developed to install the probes without using the slurry method.  The 
Giddings machine with a 1.52m long solid-tube sampling probe was used for this 
procedure. The outside diameter of the probe was the same as the outside diameter of the 
AquaSpy™ probe (6.35cm). A core was taken from the soil to leave a void where the 
probe was then inserted.  
 The probe was placed in the hole by forcing it down until the base of the blue cap 
reached the surface of the soil.  If the probe got “stuck” at any point, a small amount of 
water was added in the hole.  Once probe placement was complete, a 19 liter bucket with 
the bottom removed was placed over the probe and partially filled with water to aid in 
settling of the soil around the probe.  This technique is known as “watering-in” and seen 
in Figure 1.11. 
 
Figure 1.11.  Bottomless bucket for “watering in” probe. 
1.4.2.4 SMS Calibration 
For both the AquaSpy™ and Sentek probes installation methods, at least two 
undisturbed soil cores were taken beside each sensor.  A 1.2m trench was first dug 
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approximately 40 to 50cm from the sensors to allow for soil samples to be dug from the 
side rather than the top.  This method minimized disturbing the soil samples.  While 
calibrating, the soil and probe or access tube interface was examined for air gaps and root 
growth.  This procedure is seen in Figure 1.12. 
 
Figure 1.12.  Calibration trench and calibration technique. 
1.4.2.4a Sentek Probes Calibration 
Sentek readings were taken using the Probe Configuration Utility program 
(Sentek Inc.).  The first sensor is centered at a depth of 10 cm from the base of the white 
top on the sensor.  The soil around the sensor was carefully dug to a depth of 7 cm.  The 
brass ring was then placed approximately 1.25 cm from the probe and hammered into the 
soil until the top of the ring was level with the soil.  A second and/or third ring was then 
placed in the same manner and the trowel used to dig around the cores.  The cores were 
then carefully removed and each placed in a marked tin.  They were immediately 
weighed and placed aside in a large pan for oven drying.  This same procedure was 
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repeated for the depths of 20, 30, 40, and 60cm by digging to depths of 17, 27, 37, and 
57cm respectively.  The cores were then placed into the oven for 48 hours and allowed to 
dry at 105 degrees C.  After drying, the cores were weighed, recorded, and the soil 
sample discarded.  The tin was then weighed and recorded.  The VMC results were 
plotted versus the sensor reading and a line of best fit so that the sensor reading is treated 
as the dependant variable and θv can be derived for future applications. 
1.4.2.4b AquaSpy™ Probes Calibration 
Before digging around individual sensors, two sensor readings were taken a 
minute apart and recorded.  AquaSpy™ readings were taken using the AquaSpy™ Field 
Utility program (AquaSpy™ Inc.).  The first sensor is centered at a depth of 10cm from 
the base of the blue cap on the sensor.  Since the depth of the core was 6cm, the soil 
around the sensor was carefully dug to a depth of 7cm.  The brass ring was then placed 
approximately 1.25cm from the probe and hammered into the soil with the extractor until 
the top of the ring was level with the soil.  A second ring was then placed in the same 
manner and the trowel used to dig around the cores.  The cores were carefully removed 
and individually placed in marked tins.  Each was then immediately weighed and placed 
aside in a large pan for transportation to a drying oven.  This same procedure was 
repeated for the depths of 20, 30, 40, 50, and 60cm by digging to depths of 17, 27, 37, 47, 
and 57cm respectively.  Upon weighing, the VMC was plotted versus the sensor reading 




1.4.2.5 Water Use Efficiency Test 
Tests were conducted during the 2008 and 2009 growing season, in a 2ha section 
of the test field, to determine the water use efficiency of several cotton cultivars.  The test 
field was then divided into plots that were 15.2m long by 7.7m wide containing 8 rows of 
cotton. Alleys (3.05m wide) were placed at the end of each section of plots to prevent 
irrigation overlap. 
The Veris 3100 was used to map variations in soil texture across the field. Two 
separate EC maps (shallow and deep) were generated and the EC data for each depth 
range was averaged within each plot using the GIS software, SS Toolbox®. The averages 
were then classified into three groups: low, medium, and high EC values. The 
experimental plots were then divided into three management zones based on soil EC data 
using the following criterion: plots with low EC in shallow and deep layers were 
classified as zone 1; Plots with medium EC in both layers labeled zone 2; and plots with 
medium EC in shallow layer and high EC in deep layer was designated as zone 3. 
 The following treatments were replicated three times using a Randomized 
Complete Block design with treatments arranged in factorial design: 
 Four cotton varieties: DP 147 RF; DP 555 BG/RR; DP 0924 B2RF; and DP 0935 
B2RF in 2008 and DP 0924 B2RF, DP 0920 B2RF, DP 0935 B2RF and DP 0949 
B2RF in 2009, 
 Irrigation rates of 0, 40, 60, 80, 100, and 120% in 2008 and 0, 30, 60, and 90% in 
2009.  This requirement was based on the percentage of total water needed to 
bring the soil water to field capacity. 
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Three soil EC zones were used as replications (block).  In 2008, with four 
varieties and six irrigation rates, twenty-four plots were chosen from each zone.  In 2009, 
since there were four varieties and only four irrigation rates, 16 plots were then chosen 
for each zone.  Figure 1.13 shows the final EC map for 2008 and 2009.  By random, each 
plot was individually assigned a number between 1 and 24 in 2008 and 1 and 16 in 2009 
within each zone. 
 
Figure 1.13.  Soil EC zones for 2008 (left) and 2009 (right). 
A map for seed variety was then developed by assigning the seed based on the 
random number within the EC plot plan.  These numbers for both variety and treatment 
for the 2008 and 2009 season are shown in Table 1.1. 
 
 
5 8 22 10 21 18 3 13 11 1 10 5 12 13 11
12 23 14 17 1 9 12 4 7 10 12 4 11 7 1 9 8 4 10
15 2 24 16 6 19 2 15 9 15 2 5 16 1 15 9
20 19 6 7 5 11 17 14 23 8 7 13 9 6 14 11 10 14 6 8
9 24 4 11 22 10 11 20 21 7 8 3 11 13 7
16 13 3 1 18 20 12 18 23 14 6 16 3 10 7 2 12 6
17 15 2 19 21 10 6 22 7 4 5 15 2 9 6 4 5




J I H G F E D C B A J I H G F E D C B A
Zone Zone Zone Zone Zone Zone
1 2 3 1 2 3
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Table 1.1.  Plot number descriptions of 2008 and 2009. 
 
Figure 1.14 shows the plot plan for the variety for 2008 (left) and 2009 (right).  
Cotton varieties were planted on May 19, 2008 and June 2, 2009, and carried to yield 
using recommended practices for seeding, insect, and weed control. 
 
Figure 1.14.  Seed variety map for 2008 (left) and 2009 (right). 
2008 2009
Number Number
Zone 1 1-24 1-16
2 1-24 1-16
3 1-24 1-16















5 8 22 10 21 18 3 13 11 1 10 5 12 13 11
12 23 14 17 1 9 12 4 7 10 12 4 11 7 1 9 8 4 10
15 2 24 16 6 19 2 15 9 15 2 5 16 1 15 9
20 19 6 7 5 11 17 14 23 8 7 13 9 6 14 11 8 14 6 8
9 24 4 11 22 10 11 20 21 7 8 3 11 13 7
16 13 3 1 18 20 12 18 23 14 6 16 3 10 7 2 12 6
17 15 2 19 21 10 6 22 7 4 5 15 2 9 6 4 5




J I H G F E D C B A J I H G F E D C B A
DP DP DP DP DP DP DP DP
147 555 924 935 920 924 935 949
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Irrigation treatments were assigned to each variety plots as shown in Table 1.1.  
Figure 1.15 shows this plot plan for 2008 (left) and 2009 (right). 
 
Figure 1.15.  Irrigation treatment map for 2008 (left) and 2009 (right). 
The last plan developed was the location for the capacitance based moisture probes as 
seen in Figure 1.16.  In 2008, each probe was centered on row number 4 halfway in each 
plot and installed using the slurry method.  In each cotton variety with 100% irrigation 
treatment plots, one moisture probe was installed.  In 2009, the probes were installed 
between rows 4 and 5 in the furrow using the newly developed direct installation method.  
They were installed so that the base of the probe cap was about halfway between the top 
of the bed and the bottom of the furrow. 
5 8 22 10 21 18 3 13 11 1 10 5 12 13 11
12 23 14 17 1 9 12 4 7 10 12 4 11 7 1 9 8 4 10
15 2 24 16 6 19 2 15 9 15 2 5 16 1 15 9
20 19 6 7 5 11 17 14 23 8 7 13 9 6 14 11 8 14 6 8
9 24 4 11 22 10 11 20 21 7 8 3 11 13 7
16 13 3 1 18 20 12 18 23 14 6 16 3 10 7 2 12 6
17 15 2 19 21 10 6 22 7 4 5 15 2 9 6 4 5




J I H G F E D C B A J I H G F E D C B A
0% 40% 60% 80% 100% 120% 0% 30% 60% 90%
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Figure 1.16.  Capacitance moisture probes locations in 2008 (left) and 2009 (right). 
 The soil moisture probes were connected to cellular telemetry also produced by 
AquaSpy™.  The T20 stand-alone gateway was used to deliver real-time sensor data to 
the AgWISE® webpage via a cellular modem.  The telemetry system is seen in the upper 
right portion of Figure 1.17 attached to two probes. 
 
Figure 1.17.  AquaSpy™ capacitance probes with cellular telemetry. 
5 8 22 10 21 18 3 13 11 1 10 5 12 13 11
12 23 14 17 1 9 12 4 7 10 12 4 11 7 1 9 8 4 10
15 2 24 16 6 19 2 15 9 15 2 5 16 1 15 9
20 19 6 7 5 11 17 14 23 8 7 13 9 6 14 11 8 14 6 8
9 24 4 11 22 10 11 20 21 7 8 3 11 13 7
16 13 3 1 18 20 12 18 23 14 6 16 3 10 7 2 12 6
17 15 2 19 21 10 6 22 7 4 5 15 2 9 6 4 5




J I H G F E D C B A J I H G F E D C B A
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1.4.2.6 Irrigation Scheduling 
Irrigation was managed by applying water every 5 to 7 days, depending on any 
occurrence of rain within the last couple of days.  To begin a treatment, the sensor data 
was obtained from AgWise® (http://www.agwise.net/en/logon/logon.asp).  The data for 
the latest 24 hours before applying irrigation was extracted for 20, 30, 40, 50, and 60cm 
depths sensors and inserted in a spreadsheet as seen in Table 1.2.  The 10cm sensor was 
eliminated due to effects often seen by temperature changes throughout the day.  The mid 
portion of this table has been removed for sake of space; however the actual spreadsheet 
includes data from every 15 minutes for entire 24 hour period.  The data is then 
automatically averaged based on depths of topsoil (20 to 30 cm) and subsoil (40 to 60 
cm).  This process is then repeated for the remaining sensors to obtain the final table on 
the right containing average sensor readings for all probes. 
Table 1.2.  Sensor data averaging for 24 hour period (spreadsheet, Microsoft® Excel). 
 
 Sensor averages were then automatically input into the spreadsheet as shown in 
Table 1.3 where they were converted to actual volumetric MC using the probe calibration 
equations. 
Date and Time 20cm 30cm 40cm 50cm 60cm 20-30cm 40-60cm Date Plot 20-30cm 40-60cm
of Data Sensor Sensor Sensor Sensor Sensor Sensor Sensor Sensor Sensor
Reading Reading Reading Reading Reading Average Average Average Average
9/15/09 16:15 59.5 53.42 41.84 42.25 35.74 55.90 40.01 9/16/2009 A8-30 59.82 62.97
9/15/09 16:30 59.48 53.43 41.85 42.25 35.73 *Record C6-60 65.60 52.74
9/15/09 16:45 59.45 53.44 41.85 42.25 35.72 average C8-90 49.79 51.98
. . . . . . for each C10-90 76.35 45.64
. . . . . . 100% D5-30 46.48 51.60
. . . . . . sensor in D11-0 46.02 41.53
. . . . . . table to F9-0 46.78 47.45
. . . . . . right F10-60 68.72 58.77
. . . . . . G8-30 55.74 42.71
9/16/09 15:45 57.14 53.13 41.6 42.29 35.76 H4-0 50.51 45.89
9/16/09 16:00 57.1 53.15 41.61 42.29 35.76 J7-90 57.81 44.00
9/16/09 16:15 57.064 53.17 41.628 42.282 35.766 J8-60 55.90 40.01
*The mid portion of this table have been cut for convenience
(actual table would contain data for every 15 minutes of 24 hour period)
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Table 1.3.  Sensor average conversion table to actual VMC. 
 
With the actual VMC calculated, the VMC readings can be subtracted from the 
field capacity for each soil layer.  Irrigation depth was calculated by adding the depleted 


























ds= Depth of sand and hardpan (mm), 











ds= Depth of clay (in cm up to 61mm), and 
ei= Irrigation efficiency (0.95 for LEPA system). 
Zone Plot
(20-30cm) (40-60cm) (20-30cm) (40-60cm)
3 A8-30 59.82 62.97 0.1266 0.2137
3 C6-60 65.60 52.74 0.1451 0.1666
3 C8-90 49.79 51.98 0.0945 0.1631
2 C10-90 76.35 45.64 0.1795 0.1340
2 D5-30 46.48 51.60 0.0840 0.1613
1 D11-0 46.02 41.53 0.0825 0.1150
2 F9-0 46.78 47.45 0.0849 0.1423
1 F10-60 68.72 58.77 0.1551 0.1943
1 G8-30 55.74 42.71 0.1136 0.1205
3 H4-0 50.51 45.89 0.0968 0.1351
1 J7-90 57.81 44.00 0.1202 0.1264
2 J8-60 55.90 40.01 0.1141 0.1080
VMC AverageSensor Average
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 In 2008, since there were probes installed within all varieties in the 100% 
irrigation treatment plots, equation 1.5 was used to calculate the irrigation requirement 
for each of these 12 plots.  The remaining plots were irrigated by multiplying the 
irrigation requirement (I) by the prescribed treatment (in %) divided by 100.  For the 
2009 season, each irrigation depth was also calculated using equation 1.5.  Even though 
there were not 100% treatment plots in the field, 100% irrigation treatments were 
calculated using the sensor data from the corresponding 90% treatment plot.  The 100% 
depths were then averaged for each zone and multiplied by the respective treatment (in 
percent) divided by 100.  The spreadsheet used for the 2009 calculations is seen in Table 




Table 1.4.  Sensor irrigation calculation requirements (left) and zone averages (right). 
 
Zone Cultivar Irrigation Plot ID Depth (mm) Zone Cultivar Irrigation Plot ID Depth (mm)
1 DP 0924 0 D11 0.00 1 DP 0924 0 D11 0.00
30 G8 14.63 30 G8 11.77
60 F10 8.37 60 F10 23.54
90 J7 40.22 90 J7 35.31
100 -- 44.69 100 -- 39.23
DP 0920 0 G11 0.00 DP 0920 0 G11 0.00
30 I9 14.63 30 I9 11.77
60 I7 8.37 60 I7 23.54
90 H10 40.22 90 H10 35.31
100 -- 44.69 100 -- 39.23
DP 0949 0 I8 0.00 DP 0949 0 I8 0.00
30 F8 14.63 30 F8 11.77
60 J9 8.37 60 J9 23.54
90 J6 40.22 90 J6 35.31
100 -- 44.69 100 -- 39.23
DP 0935 0 H8 0.00 DP 0935 0 H8 0.00
30 F11 14.63 30 F11 11.77
60 G10 8.37 60 G10 23.54
90 I10 40.22 90 I10 35.31
100 -- 44.69 100 -- 39.23
2 DP 0924 0 F9 0.00 2 DP 0924 0 F9 0.00
30 D5 15.12 30 D5 11.77
60 J8 33.70 60 J8 23.54
90 C10 23.45 90 C10 35.31
100 -- 26.06 100 -- 39.23
DP 0920 0 E10 0.00 DP 0920 0 E10 0.00
30 H5 15.12 30 H5 11.77
60 H6 33.70 60 H6 23.54
90 A5 23.45 90 A5 35.31
100 -- 26.06 100 -- 39.23
DP 0949 0 A7 0.00 DP 0949 0 A7 0.00
30 F4 15.12 30 F4 11.77
60 I5 33.70 60 I5 23.54
90 E9 23.45 90 E9 35.31
100 -- 26.06 100 -- 39.23
DP 0935 0 D10 0.00 DP 0935 0 D10 0.00
30 D6 15.12 30 D6 11.77
60 D8 33.70 60 D8 23.54
90 C11 23.45 90 C11 35.31
100 -- 26.06 100 -- 39.23
3 DP 0924 0 H4 0.00 3 DP 0924 0 H4 0.00
30 A8 6.03 30 A8 11.77
60 C6 18.23 60 C6 23.54
90 C8 42.25 90 C8 35.31
100 -- 46.95 100 -- 39.23
DP 0920 0 C9 0.00 DP 0920 0 C9 0.00
30 B6 6.03 30 B6 11.77
60 A4 18.23 60 A4 23.54
90 B10 42.25 90 B10 35.31
100 -- 46.95 100 -- 39.23
DP 0949 0 A11 0.00 DP 0949 0 A11 0.00
30 B8 6.03 30 B8 11.77
60 A9 18.23 60 A9 23.54
90 G4 42.25 90 G4 35.31
100 -- 46.95 100 -- 39.23
DP 0935 0 G5 0.00 DP 0935 0 G5 0.00
30 I4 6.03 30 I4 11.77
60 C7 18.23 60 C7 23.54
90 A6 42.25 90 A6 35.31
100 -- 46.95 100 -- 39.23
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 The application depths from Table 1.4 were then automatically transferred to 
Table 1.5 representing the field layout in a format accepted by the VRI software. 
Table 1.5.  Irrigation map input into software (spreadsheet, Microsoft® Excel). 
 
1.4.2.7 Correlation of NDVI to Soil Moisture 
Work at Clemson during 2006 and 2007 showed that cotton yield, Nitrogen(N) & 
plant growth regulator (PGR) requirements were strongly correlated to plant NDVI 
(Khalilian et al., 2007 and 2008).  Therefore, the feasibility of utilizing plant NDVI for 
irrigation scheduling in cotton production was investigated.  Plant NDVI readings were 
taken from test plots four times during the 2008 growing season and seven times during 
the 2009 season using the 6-row sprayer-mounted GreenSeeker® RT-200 mapping 
system. An individual handheld GreenSeeker® RT-100 mapping system was also used to 
collect data from plots J7 and J8 for the first five 2009 readings due to the poor 
emergence in rows 6 and 7.  It was again used to collect all NDVI plot readings for the 
DP0924 plots during the last two readings due to the height of the cotton and the hi-boy 
height limitations.  This limitation was due to the height of the cotton and inability for the 
hi-boy boom to reach the required 1.16m above the cotton.   
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At the end of the season, all NDVI data was transferred to ArcGIS (ESRI, 
Redlands, CA) software and overlaid on the plot plan.  To eliminate the border effect, 
only the 9.24m center portion of each plot was used in the data analysis.  All data within 
the plots was then averaged.  For each time NDVI readings were taken, the soil moisture 
data (from AquaSpy™ probes) was also collected for a period of 12 hours surrounding 
the NDVI collection.  If a rain event occurred during this period, the moisture data was 
not used in the analysis.  Average sensor readings were obtained for the depth ranges of 
20 to 30cm and 40 to 60cm.  For each respective layer, these averages were then 
converted to volumetric soil moisture contents using the calibration equations developed 
earlier.  The average volumetric moisture content of the five sensors (20-60cm) was used 
as the volumetric moisture content of that particular plot.  Average NDVI values in each 
plot were compared to the average volumetric moisture content of the same plot.  The in-
season estimated yield (INSEY) was calculated by dividing NDVI measurements by the 
number of days from planting.  A plot of VMC versus the INSEY was developed in 
several combinations including by zone and irrigation treatments.  Linear and non-linear 
regression models were used to determine the relationships present between soil 
volumetric moisture content and INSEY. 
Cotton was harvested on October 28, 2008 and November 9, 2009, using a spindle 
picker equipped with an AgLeader® yield monitor and a GPS unit to map changes in lint 
yield within and among treatments.  The yield in each plot was divided by the amount of 
water applied in each plot to calculate the WUE.  Since ETc was calculated using 
reference ET (ETo) data obtained from the on-site NOAA weather station with the 
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Penman-Monteith method as described by FAO-56 (Allen et al., 1998) and the locally 
developed crop coefficient, Kc described in Chapter 2, the total ETc remained the same in 
every plot for the respective growing season. 
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1.5 Results and Discussions 
 
1.5.1 Installation method 
Figure 1.18 shows the effects of installation method on performance of the Sentek 
capacitance probes.  For the direct installation method, there was a good correlation 
between volumetric soil moisture contents and the capacitance probe measurements. The 
depth of the E-horizon in the test area was about 30cm, and due to a higher bulk density, 
this compacted layer had slightly lower moisture content than the A and Bt horizons.  
Both the direct and slurry installations had higher sensor readings within the A and E 
horizons than the actual VMC.  However, in the Bt horizon, the sensor readings were 
lower than the actual VMC.  The slurry installation method further over estimated the 
VMC in sandy soils of the A horizon due to difference in texture of the slurry material 
and the surrounding soil.  The slurry method also showed evidence of plant roots 
following the slurry along the entire length of the probes giving inaccurate readings of the 
surrounding soil moisture along the probe.  For these reasons, the slurry method was not 
used on any future installations or calibrations.  
 
Figure 1.18. Direct installation (left) effects of installation methods on performance of the 




































 No gaps were found between the soil and access tubes installed using the Sentek 
drilling method.  Plots of VMC versus the Sentek SMS readings for all the calibration 
data and both the topsoil (10-30cm) layer and the subsoil (40-60cm) layer are shown in 
Figure 1.19.  There was a strong positive linear correlation between Sentek sensor 
readings and the actual soil volumetric moisture contents (R
2
=0.8562, standard 
error=2.73%).  This relationship was close to a one to one relationship when representing 
the VMC on a percentage basis and was defined by the relationship: 
𝑉𝑀𝐶 = 0.9861 ∗ 𝑆𝑅 − 1.0611,                                     (1.6) 
where VMC is the VMC of the soil (%) and SR is the senor reading.  The one to one 
relationship was expected due to the “factory” calibration built into the Sentek 
EnviroSCAN® probe sensor readings. 
 
Figure 1.19.  VMC versus the Sentek sensor readings for all data. 






















 The data was then separated by the topsoil and subsoil and graphed as seen in 
Figure 1.20.  With the Sentek probes this correlation was higher for the topsoil compared 
to the subsoil.  This was not as expected as the subsoil clay often provides the most 
accurate readings from previous observations.  The topsoil representing the 10-30 cm had 
a lower VMC than the subsoil since sandy soils have a lower WHC.  The hardpan was 
included in this layer since it contains about the same composition of the topsoil, but 
having a higher bulk density.  Using a linear regression analysis on the data, the 
following equations were obtained: 
𝑉𝑀𝐶𝑠 = 0.8304 ∗ 𝑆𝑅𝑠 − 2.9992 and                                     (1.7) 
𝑉𝑀𝐶𝑐 = 0.912 ∗ 𝑆𝑅𝑐 − 3.6158                                         (1.8) 
where VMC is the volumetric moisture content and SR is the sensor reading.  A subscript 
s indicates the reading is of the sand layer whereas a c subscript is of the clay layer.  The 
regression analysis suggests that the calibration using the Sentek probes can possibly be 
better represented as one calibration equation for the entire profile rather than separate 
calibration equations for each layer.  The standard error for depths of 0-30cm and 40-
60cm was 1.84% and 2.82%, respectively. 
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Figure 1.20.  VMC versus Sentek sensor readings separated based on profile. 
1.5.2.2 AquaSpy™ 
 Plots of VMC versus the AquaSpy™ SMS readings for all the direct calibration 
data and both the topsoil (10-30cm) layer and the subsoil (40-60cm) layer are shown in 
Figure 1.21.  There was a positive linear correlation between AquaSpy™ sensor readings 
and the actual soil volumetric moisture contents (R
2
=0.6799, standard error=4.24%). 
𝑉𝑀𝐶 = 0.6033 ∗ 𝑆𝑅 − 21.372,                                     (1.9) 
where VMC is the VMC of the soil (%) and SR is the senor reading. 
 
y = 0.8304x + 2.9992
R² = 0.8733
























Figure 1.21.  VMC versus AquaSpy™ sensor readings for all data. 
 Due to the differences in soil variability in the field, the data was split between the 
top and subsoil and graphed as seen in Figure 1.22.  This improved the correlation 
significantly.  The topsoil representing the 10-30 cm readings had a lower VMC than the 
subsoil since it was sandier and had a lower WHC.  The hardpan was included in this 
layer since it contains about the same composition of the topsoil, but having a higher bulk 
density.  Using the linear regression analysis on the data, the following equations were 
obtained: 
𝑉𝑀𝐶𝑠 = 0.3205 ∗ 𝑆𝑅𝑠 − 6.4753 and                                   (1.10) 
𝑉𝑀𝐶𝑐 = 0.4623 ∗ 𝑆𝑅𝑐 − 7.5982                                      (1.11) 
where VMC is the volumetric moisture content and SR is the sensor reading.  A subscript 
s indicates the reading is of the sand layer whereas a c subscript is of the clay layer.  The 
standard error for depths of 0-30cm and 40-60cm was 1.8% and 2.16%, respectively. 

























Figure 1.22.  VMC versus AquaSpy™ sensor readings separated based on profile. 
 The correlation of actual and measured volumetric moisture content for the 
AquaSpy™ probes suggested that separate equations should be used for each soil layer 
under coastal plain conditions. 
1.5.3 Soil Depth Measurements 
 For irrigation scheduling, the depth measurement taken from each layer of the soil 
in each zone was averaged.  Due to different tillage regimes in 2008 and 2009, profile 
depth measurements were taken each year.   The readings varied significantly.  Table 1.6 
shows the depth measurements for 2008.  Zone 1 with a lower EC and thus “more sand” 
showed deeper topsoil while zone 3 with higher EC and “more clay” had shallow topsoil.  
Zone 1 also contained a thicker hardpan than zone 3 due to the deeper topsoil and 
limitations of plowing affecting the breakup of this layer over the years. 
y = 0.3205x - 6.4753
R² = 0.7294

























Table 1.6.  2008 Soil zone horizon depth measurements. 
 
 Table 1.7 shows the depth measurements for 2009 after the deep tillage.  This 
tillage broke up much of the hardpan as seen in the data and increased the depth of the 
topsoil while bringing much of this hardpan material to the surface. 
Table 1.7.  2009 Soil zone horizon depth measurements. 
 
1.5.4 Water Use Efficiency 
 Table 1.8 displays the seasonal rain, uniform irrigation, and variable rate 
irrigation applied from planting until September 30
th
 for each treatment.  The seasonal 
rain and uniform irrigation was much less in 2009 than during 2008, allowing more VRI 
to be applied and greater differences in the treatments to be reached.  A total difference of 
74.8mm was achieved between the maximum and minimum application in the DP 0924 
plots of 2008 while a difference of 253.6mm was achieved in 2009 within this same 
variety.  This allows for water stress to be achieved in low application plots, testing the 
efficiency of water use in the cotton varieties.  Due to large differences in water 
Zone Average Average Average
Depth A Depth E Depth Bt
(cm) (cm) (cm)
1 25.8 12.7 22.4
2 19.9 13.1 27.9
3 17.4 5.5 38.1
Zone Average Average Average
Depth A Depth E Depth Bt
(cm) (cm) (cm)
1 30.9 6.0 24.0
2 29.4 3.0 28.6
3 27.6 1.3 32.1
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application quantities in 2008 from zone to zone and cultivar to cultivar, only the 
application rates for DP 0924 and zone 3 is shown in Table 1.17.  All of the data can be 
seen in Appendix A.  Application rates for different cotton varieties were almost the 
same, but varied from zone to zone in 2008.  In 2009, there was no difference in the 
amount of water applied for each zone and cultivar for each irrigation regime.  It should 
be noted that the quantities given below are applied water depths and not necessarily the 
effective water applications.  Due to runoff and the size of the rain event, the actual 
depths were probably lower than those reported in the table.  During VRI, runoff also 
occurred but was minimized as much as possible by splitting treatment between four 
applications or so that one application was less than 1.27cm. 
Table 1.8.  Seasonal precipitation and irrigation event information. 
 
 The effects of the irrigation treatments could be seen in the field beginning in 
August and into September.  Leaf stress was visible and plots having greater water 
completed flowering earlier than the others.  These effects are seen in Figure 1.23.  The 
plots appearing to have a lighter color such as in the lower left corner was that of 0% 
irrigation treatments.  The leaf color darkened for greater irrigation treatment 
Season Total Uniform
Rain Irrigation 120 100 90 80 60 40 30 0
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
May 20-Sep 30, 2008 412.24 88.9 74.8 62.3 -- 49.9 37.4 24.9 -- 0.0
Total Plot Water -- -- 575.9 563.5 -- 551.0 538.5 526.1 -- 501.1
Total Events 40 7 5 5 -- 5 5 5 -- 5
June 2-Sep 30, 2009 296.29 57.15 -- -- 253.5 -- 169.0 -- 84.5 0.0
Total Plot Water -- -- -- -- 607.0 -- 522.4 -- 437.9 353.4
Total Events 34 5 -- -- 8 -- 8 -- 8 8
*VRI(%) given for 2008 represent the total applications in Zone 3 of the DP 0924 cultivar
VRI (%)*
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percentages.  The yellowing in mid field was due to the washout in the earlier season and 
not due to irrigation scheduling. 
 
Figure 1.23.  Photograph showing effects of irrigation treatments in 2009. 
 Figure 1.24 shows the correlation between the total water applied (irrigation plus 
rain) and the seed cotton yield for the DP 147 variety.  There were strong correlations 
(R
2
=0.7591) between the seasonal applied water (irrigation and rain) and the seed cotton 
yields. The yield values increased as the water applied depth increased.  
 





















Different varieties showed different responses to the amount of water applied 
during the 2008 growing season and is shown in Figure 1.25.  For example, the general 
trend for DP 0924 shows the seed cotton yields decreased when the total applied water 
exceeded about 600mm.  DP 0935 also showed a decrease above about 630mm.  DP 147 
and DP 555 never showed a decrease within the range of application tested.  In general, 
the figure shows that the newer varieties (0924 and 0935) achieved higher yields for the 
same quantity of water and much less water is actually needed to achieve the same yield 
as the older varieties. 
 
Figure 1.25. 2008 comparison of irrigation water and seed cotton yield for DP 147,  
DP 555, DP 0935, and DP 0924. 


















DP 147 DP 555 DP 0935 DP 0924
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These tests were repeated in 2009 to get a broader range of water applications.  
The trends for the four varieties in 2009 are shown in Figure 1.26.  Considerable 
differences and similarities can be seen between the two varieties that were grown in 
2009 and 2008.  The most evident difference is the increases in yields.  Both DP 0935 
and DP 0924 obtained greater yields, however at harvest, many upper bolls of DP 0935 
were not open.  For example, at 600 mm water applied, the yield for DP 0924 in 2008 
was just under 3500 kg seed cotton while in 2009 the yields increased to about 3700 kg.  
For DP 0935, 2008 yield at 600 mm was just above 3000 while 2009 increased to 3500 
kg/ha.  Similarities also show maximum yields were obtained at the same water treatment 
levels.  In 2008, maximum yield was obtained around 600 mm and 630 mm for DP 0924 
and DP 0935, respectively.  In general, the 2009 data also showed the same maximums at 
their respective application depths.  DP 0920 gave the highest yields of all four varieties 
over the entire season, achieving its maximum yield around 600 mm.  DP 0949 had 
higher yields than only DP 0935 until it reached its maximum yield around 500 mm 
water when the yields began to decrease and it dropped below DP 0935. 
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Figure 1.26.  2009 comparison of irrigation water and seed cotton yield for DP 0935, DP 
0924, DP 0949, and DP 0920. 
There were significant differences in seed cotton yields among the four cotton 
varieties as shown in Table 1.9.  The two newer DP 0924 and DP 0935 cultivars had the 
highest yields in 2008 while DP 0920 and DP 0924 had the highest in 2009.  The water 
use efficiency was calculated for each plot by dividing the cotton yield (kg/ha) by the 
amount of water consumed/applied (including precipitation and irrigation) and the ETc. 
WUE is the most important index for estimating the efficiency of water use of a cropping 
system.  According to LSD test, there were significant differences in water use efficiency 
among the four cotton varieties with DP 0924 B2RF having the highest WUE value of 
0.55kg seed cotton/m
3
 water applied in 2008 compared to 0.75kg/m
3
 in 2009.  The 
differences were also significant for seed cotton yields.  In 2009, DP 0920 had the largest 
WUE at 0.79kg/m
3
.  The total ETc values were very close in 2008 and 2009, thus the 
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WUE values between the two seasons were closer than when calculated by the total water 
applied.  The highest WUE then in 2008 remained the same at 0.55kg seed cotton/m
3
 ETc 
and decreased to 0.66kg/m
3
 ETc in 2009 for the DP 0920 cultivar. 
Table 1.9 Seed cotton yields, water use efficiency, total water applied, and ETc  
for all varieties. 
 
25 boll samples were collected from each plot and ginned to provide a lint turnout 
for each plot and also provide samples for lint quality.  The turnouts averaged to 
approximately 46% lint.  These turnouts allowed the seed yields of Figure 1.26 to be 
quantified in terms of lint yields.  These trends are shown in Figure 1.27.  This figure 
provides a more representative estimate of the differences between each variety and is 
ultimately the best comparison between the cultivar and its water use.  Ultimately 
however, considerations must be taken to account for the differences in harvesting 
method (Hand-picked vs. mechanically-picked).  This is because yields will vary 
Cotton Season Average Seed Average Total Average WUE, Total Average WUE,
Variety Cotton Yields Water Applied Water Applied ETc
1,2
Etc





DP 0924 B2RF 2008 3211.2 599.4 0.55 585.2 0.55
DP 0935 B2RF 2008 3009.5 596.9 0.50 585.2 0.51
DP 555 BG/RR 2008 2779.7 589.3 0.47 585.2 0.48
DP 147 RF 2008 2486.0 589.3 0.41 585.2 0.42
DP 0924 B2RF 2009 3518.3 480.2 0.75 559.6 0.63
DP 0935 B2RF 2009 3195.2 480.2 0.67 559.6 0.57
DP 0949 B2RF 2009 3217.2 480.2 0.69 559.6 0.57
DP 0920 B2RF 2009 3697.6 480.2 0.79 559.6 0.66
1
Kc data used to calculate Etc was limited to one year data in 2009 season as described in Chapter 2 
  from weighing lysimeter data at Edisto REC (Etc=Kc*Eto). Due to wet conditions in the initial season   
  of the crop coefficnet development period, ET may be overestimated
2
2008 weather data used in calculating Eto with Penman-Monteith obtained from previous on-site weather   
  station no longer in use in 2009.  2009 data from on-site NOAA station approximately 500m from plots
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depending on the picking method being used and variety being harvested.  In terms of lint 
yield, it shows little differences exist between the trends of the 4 cultivars, their yields, 
and the amount of water applied. 
 
Figure 1.27.  2009 comparison of irrigation water and lint cotton yield for DP 0935,  
DP 0924, DP 0949, and DP 0920. 
 As shown in Figure 1.28, lint yields were then converted to WUE and plotted 
based on the cultivar over the same range of water applications.  The results showed that 
as the water application depths increased, the WUE of the cultivars decreased.  All 
cultivars had the same general trend.  DP 0935 has the smallest correlation possibly due 
to the bolls that had yet to open in this variety at the time of harvest.  No considerable 
differences were found between zones. 
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Figure 1.28.  2009 comparison of irrigation water and WUE for DP 0935, DP 0924,  
DP 0949, and DP 0920. 
1.5.5 NDVI Correlation 
The feasibility of utilizing plant NDVI for irrigation scheduling in cotton 
production was investigated. Figure 1.29 shows the correlations between plant INSEY 
and soil VMC based on the varieties planted in 2008 at 100% irrigation treatment.  There 
were good correlations between INSEY and the soil moisture contents when separated by 
cotton varieties, but with limited data points. 
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Figure 1.29.  2008 correlation of plant NDVI and soil volumetric moisture contents. 
 Further data was collected in the summer of 2009 with 7 overall complete NDVI 
collections.  Figure 1.30 shows all of the data displayed by date.  Since the plots were 
irrigated by averaging the irrigation requirement calculated from each zone, the INSEY 
and VMC were also averaged for each date during the INSEY and VMC correlation.  In 
general, each date is displayed in a vertical trend from the right side of the figure to left 
due to the division of the NDVI by the days after planting.  When using all of the data, 
there was a week correlation between INSEY and soil volumetric moisture content 
(R
2
=0.5044, standard error=1.51%). 
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Figure 1.30.  2009 comparison of soil VMC versus INSEY for all data. 
 The data was further separated based on the irrigation treatment of 0, 30, 60, and 
90%.  Due to a couple of large rain events during the two day period prior to September 
11, 2009, the data was eliminated from the analysis.  The rain event caused the VMC to 
become misleading in comparison to the INSEY because the soil-water system had not 
yet come to equilibrium.  Figure 1.31 shows the correlation between the VMC and 
INSEY for 0% irrigation treatment.  There was a strong positive correlation (R
2
=0.9794, 























Figure 1.31.  2009 VMC versus INSEY for 0% irrigation treatment. 
 The 30% data was then plotted and shown in Figure 1.32.  The trend was also 
very good with an R
2
 of 0.9116 but smaller than the 0% plot (standard error=0.65%). 
 
Figure 1.32.  VMC 2009 VMC versus INSEY for 30% irrigation treatment. 
 Figure 1.33 shows the data as separated by 60% irrigation treatment.  The R
2
 
value decreased again here to 0.8941 (standard error=0.32%).  It should also be noted that 











































the slope of the equation has decreased up to this point, showing that the VMC did not 
vary as much throughout the season on the irrigated plots. 
 
Figure 1.33.  VMC 2009 VMC versus INSEY for 60% irrigation treatment. 
 For the 90% irrigation treatment the R
2 
and slope increased showing a very good 
correlation (standard error=0.42%).  However, it did not follow the same trend as the first 
three.  This data is shown in Figure 1.34. 
 
Figure 1.34.  2009 VMC versus INSEY for 90% irrigation treatment. 











































 Even provided a good relationship between plant INSEY and the soil VMC, since 
the NDVI only represents a cumulative effect of the soil water status of the plant, further 
tests will be required to determine exactly how plant NDVI measurements can be used in 
irrigation scheduling.  
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1.6 Conclusion 
 Two multi-sensor capacitance probes, AquaSpy™ and Sentek EnviroSCAN®, 
were calibrated in this study and the AquaSpy™ probe used to schedule irrigation.  It was 
found that positive linear calibrations can be used to describe the relationship between the 
soil volumetric moisture content and sensor reading found for both probes.  The results of 
the calibration and irrigation study showed that multi-sensor capacitance probes can be 
used to accurately measure volumetric soil moisture contents, if installed and calibrated 
properly.  It was determined that a direct installation method should be used for 
installation rather than a slurry mix method.  The slurry method was found to 
overestimate the volumetric moisture content in sandy soils and encourage root growth 
along the length of the slurry. 
 There were good correlations between INSEY (as measured by plant NDVI) and 
the volumetric moisture contents of the soil.  The 2008 data showed a good correlation 
between the INSEY and VMC when separated by variety.  In 2009, the results showed 
that when separated by irrigation regime, the relationship between INSEY and VMC 
follows good linear correlations.  This is due to the health of the plant and its dependency 
on soil water.  Low irrigation regimes showed lesser NDVI values and represented a 
larger range of VMC than did the healthier and well watered larger irrigation regimes.  
When using data from all irrigation regimes, a weaker correlation existed between 
INSEY and VMC (R
2
=0.5044). 
 There were strong correlations between irrigation depths applied and the seed 
cotton yields in 2008.  These showed significant differences in water use efficiency 
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among the four cotton varieties.  DP 0924 B2RF had the highest WUE with 0.55 kg seed 
cotton/m
3
 water applied (0.55 kg seed cotton/m
3
 ET) in 2008 and DP 0920 B2RF had the 
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 CHAPTER 2 
WIRELESS DATA ACQUISITION FOR LYSIMETERS AND  
EVAPORATION PAN TO DETERMINE A CROP COEFFICIENT  





 Cotton (Gossypium hirsutum L.) is widely grown in the United States.  In 2005, 
5.7 million ha were grown nationally and 1.2 million ha were grown in the humid 
southeastern states (Suleiman et al., 2007).  Much of this cotton is irrigated.  Combining 
agricultural water use with the recent drought periods, legal conflicts between states, and 
soil variability, there has been a renewed interest in southeastern water management. 
Several irrigation scheduling methods (soil moisture sensors, pan evaporation, 
tensiometers, and weather data) have been tested at Clemson to determine the optimum 
irrigation scheduling methods in cotton production. The results showed that sensor-based 
irrigation significantly increase cotton yields and provide a monetary savings compared 
to evapotranspiration (ET) based treatments.  One potential problem with ET based 
treatments is its requirement for a crop coefficient localized to the southeastern area.  Ko 
et al. (2009) stated that knowing the proper amount of crop evapotranspiration (ETc) has 
the potential advantage of attaining a proper irrigation schedule. 
Previous studies at Clemson using a crop coefficient have utilized the coefficient 
provided by Harrison and Tyson (1993).  There is a need to determine the accuracy of 
this curve and/or develop a new curve to represent the weather conditions of South 
Carolina.  The Harrison and Tyson (1993) curve was based on a long season cotton 
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variety and has a crop coefficient of about 1.0 at its peak, possibly under predicting ETc.  
Other studies providing a crop coefficient in the southeastern US have based ETc and the 
reference evapotranspiration (ETo) data computations entirely on weather data.  This 
study will use lysimetry and weather data to develop a crop coefficient for humid 
southeastern conditions. 
 To allow for convenient and frequent collection of data from instruments in the 
field such as data from lysimeters and evaporation pans described in this paper, remote 
acquisition of the data is necessary.  Implementing a wireless network with a web-based 
system then practically provides a real-time monitoring system saving time and 
increasing efficiency.  Optimization of the design can be achieved by using solar panels 
recharging the battery and proper size radios and antennas (Kim et al., 2008).  The 
wireless standards used in this paper were based on the distance, compatibility, and cost 
of the system used to transfer field data to the office computer. 
2.2 Objective 
The overall objective of this study was to determine the crop coefficient for cotton 
in the humid southeastern United States. 
The specific objectives were to: 
 Analyze data obtained from lysimeters to determine a crop coefficient for 
the humid southeastern United States; and 
 Develop and test a wireless data acquisition system to transmit field data 
from a crop lysimeter, reference lysimeter, and evaporation pan. 
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2.3 Review of Literature 
This section aims to review the literature related to the study objectives and it 
consists of six subheadings: 
 1) Evapotranspiration, 
 2) Crop coefficients, 
 3) Lysimetry, 
 4) Pan evaporation, 
 5) ETo from Meteorological Data, and 
 6) Remote data acquisition. 
2.3.1 Evapotranspiration 
 Evapotranspiration (ET) is the sum of the evaporation (E) from the soil and the 
transpiration (T) that occurs through the plant stoma.  It is normally measured by 
monitoring the change in soil water over a depth in relationship to measurements or 
estimates of water budget quantities.  Such quantities are precipitation, irrigation, deep 
percolation or upward flow, run-off or run-on, and lateral flow through the sub surface 
(Farahani et al., 2007).  The soil water balance equation or water budget equation is used 
to estimate ET in lysimeters by measuring the quantities surrounding a control volume.  It 
is defined by: 
𝐸𝑇𝑐 = 𝑃 + 𝐼 − 𝐷 − 𝑅 − ∆𝑆,                                                (2.1) 
where, P is precipitation, I is the irrigation, D is the deep percolation below the root zone, 
R is the runoff, and ∆S is the change in the soil profiles water storage (Farahani et al., 
2008). 
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2.3.2 Crop Coefficient 
 The crop coefficient, Kc was introduced by Jensen in 1968 to estimate crop water 
use and later developed further to allow use in scheduling irrigation.  It is considered to 




,                                                                   (2.2) 
where, ETo is the reference evapotranspiration based on grass and ETc is the crop 
evapotranspiration.  Kc values tend to increase in early season until reaching a maximum 
value at around full canopy cover where it then decreases until the season ends (Ko et al., 
2009).  The relationship between ETc and ETo where no differential between E and T is 
made is often described by a time-averaged crop coefficient curve and referred to as a 
“single” coefficient approach.  The other method often used is the “duel” approach where 
E and T are separated.  The “single” approach is normally described as the most popular 
method, containing less input data and better suited for irrigation management with 
infrequent wettings (Farahani et al., 2007). 
A crop coefficient curve is described by several stages of growth or periods: 
initial, crop development, mid, and late season or season end.  FAO-56, a protocol 
developed by the Food and Agriculture Organization (FAO) of the United Nations to 
determine ETo using the Penman-Monteith method, identifies the stages of growth for the 
initial season to cover the period from planting to 10% ground cover.  Crop development 
ranges from 10% ground cover to effective full cover or peak water use depending on 
which comes first.  Mid-season is from the end of crop development to the start of 
maturity where aging, yellowing, or senescence of the leafs begin, and the late season 
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begins then on to harvest or end of water use (Farahani et al., 2008).  Others identify the 
stages differently.  The beginning of the mid-season occurs when the crop cover is about 
80% and when there are five nodes above white flower, the growth has ended or “cut-
out” (Hribal, 2009).  Suleiman et al. (2007) defined the end of the development stage to 
occur at the initiation of flowering or approximately 80% ground cover.  The late stage is 
said to begin at maturity and end at harvest (Suleiman et al., 2007).   
2.3.3 Lysimetry 
 Lysimetry is widely accepted as the standard for ET measurements and their 
comparison for the validation of other measurement forms (Farahani et al., 2007).  They 
are standard instruments used in hydrology and water quality research.  Its standard 
definition is: “a device for measuring percolation through the soils and for determining 
the soluble constituents removed in drainage” Howell (2004).  However, when using as a 
water-balance measuring device, Howell (2004) also described that lysimeters were used 
to determine ET from a “soil-plant system.” 
Weighing lysimeters are used to directly measure ETo and ETc by measuring 
changes in the weight of a soil and crop unit.  Daily ET is measured and determined as 
the difference between the daily lysimeter masses, which includes irrigation, 
precipitation, and dew or mass losses such as evapotranspiration and transpiration.  Ko et 
al. (2009) in Texas found that cotton ETo ranged from 1 to 12mm/d while ETc ranged 
between 1 and 18mm/d and reached peak ET approximately 100 – 120 days after planting 
(DAP). 
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Lysimeter accuracy has been found to be directly proportional to the area of its 
surface and the accuracy of the scale.  Lysimeter accuracy and its mass are considered 
inversely proportional.  There are two types of lysimeters: repacked and monoliths.  
Repacked lysimeters are built by layering the soil back into the lysimeter volume as it 
was removed from the earth originally.  This is in order to try and replicate the characters 
of the original intact soil.  Howell (2004) noted that, “repacked soil columns might take 
several years to duplicate the natural soil state for research with restricted irrigation.”  
However, Clawson et al. (2009) noted that, “If soil properties can be adequately recreated 
after disturbance, a reconstructed lysimeter soil profile may allow representative 
measurements of crop ET.”  Monolithic lysimeters are composed of an entire soil volume 
undisturbed and removed directly from the earth.  However, it has been found that with 
monolithic lysimeters, it can be very costly to extract the soil volume due to special 
techniques and equipment required (Payero and Irmak, 2008). 
2.3.4 Pan Evaporation 
 A common and in general, reliable method for estimating ETo, is using an 
evaporation pan when adjustments are made to account for the surrounding environment 
(Grismer, 2002).  Several pan evaporation systems exist, however the “class A” pan is the 
most commonly used.  These pans are of stainless steel construction and measure 122cm 
diameter and 25cm height (Moore, 2005).  A pan coefficient, Kp is used to account for 




.                                                            (2.3) 
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Here, Epan is the evaporation directly recorded from the pan.  Kp normally ranges from 
0.35 to 0.85 and is in essence a correction factor that accounts for the prevailing winds, 
fetch distance, and relative humidity of the area (Grismer, 2002). 
2.3.5 ETo from Meteorological Data 
 Including one in Blackville, SC at the Edisto Research and Education Center 
(EREC), the National Oceanographic and Atmospheric Administration (NOAA) 
maintains weather monitoring and recording stations throughout the United States.  These 
stations monitor precipitation, wind speed, temperature, solar radiation, relative humidity 
(RH), and other weather related phenomena.  The data is then uploaded onto NOAA‟s 
database known as the Climate Reference Network (CRN).  This data can then be used in 
irrigation scheduling with several ET models including the Jensen-Haise (J-H) and 
Penman-Monteith (P-M) methods.  The J-H method was used in previous studies at 
Clemson due to its simplicity and since it does not require wind speed.  In the 
southeastern US, wind is not considered a major factor (Niyazi, 2006).  The P-M method, 
as described by FAO-56, has become the preferred method of calculating ETo due to 
improvements in recent technology and the availability of large quantities of climatic data 
(Farahani et al., 2007). 
 FAO-56 provides “reasonable results under a wide range of climatic conditions” 
according to Suleiman et al. (2007).  ETc can be obtained from ETo using the stage 
dependant crop coefficient.  It was developed for a “hypothetical well-watered and 
actively growing uniform grass of 0.12m height with a surface resistance of 70s/m and an 
albedo of 0.23” according to Suleiman et al. (2007).  It also requires air temperature, 
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solar radiation, wind speed, and vapor pressure.  As defined by Allen et al. (1998) the P-
M equation for a grass reference crop is: 
𝐸𝑇𝑜 =





,                                           (2.4) 
where ETo is in mm/day, Rn is the net radiation (MJ m
2
/day), G is the soil heat flux (MJ 
m
2
/day), T is the mean daily air temperature (⁰C), u2 is the mean daily wind speed at 2m 
height (m/s), es-ea is the saturation vapor pressure deficit (kPa), ∆ is the slope of the vapor 
pressure-temperature curve (kPa/⁰C), and γ is the psychometric constant (kPa/⁰C).  
Suleiman et al. (2007) found that the FAO-56 procedure was an accurate method for 
estimating cottons ETc under deficit irrigation in humid climates. 
 The Jensen-Haise method is a reference ET method based on an alfalfa crop.  It is 
often termed a radiation method since the solar radiation is needed to compute the ET.  
Jensen and Haise used over 3000 soil sampling observations of actual ET statistically 
related to the solar radiation at the soil surface to derive the model.  The equation for the 
reference ET (mm/d) is: 
𝐸𝑇𝑜 =
𝐶𝑇 𝑇−𝑇𝑥  𝑅𝑠
𝜆
,                                                             (2.5) 
where CT is temperature coefficient, T is the mean temperature for five day period (⁰C), 
Tx is the intercept of the temperature axis (⁰C), Rs is solar radiation received at the earth‟s 
surface on a horizontal plain (MJ/m
2
/d), and λ is the latent heat of vaporization (MJ/kg).  




2.3.6 Remote Data Acquisition 
 “The coordination of control and instrumentation data is most effectively 
managed using data networks and low-cost microcontrollers,” according to Kim et al. 
(2008).  This form of data communication involves the use of wired or wireless networks.  
Wired systems from field sensing applications to a base station requires extensive time 
and costs for installation and maintenance and is often not feasible due to distances and 
its interference with farming equipment operations.  Wireless systems however can 
provide mobility and allow many uses for agricultural systems when set up as a wireless 
sensor network (WSN) (Kim et al, 2008).   
Most wireless communications transfer data via electromagnetic waves with radio 
frequency (RF) (Reed, 2009).  RF transmission can be received and transferred to a base 
computer via Transmission Control Protocol (TCP)/Internet Protocol (IP) Ethernet.  
Using COM port redirection software, a “virtual” COM port can be made and the TCP 
socket connection redirected to a COM port on the base computer (Kim et al., 2008) 
 In general, radio waves can bend around objects and reflect off of structures, 
however sometimes these waves are not capable of penetrating the object, resulting in a 
loss of signal.  An example of an object that completely blocks the signal is a metal 
building known as a shield.  Others, such as water and vegetation just weaken the signal.  
Radio waves can however bend around an object if it is no more than one wavelength 
larger than the wave (Reed, 2009). 
“Line-of-site” is the term used to describe an “open-air situation” where the 
transmitter and the receiver are able to communicate via a direct continuous path.  
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Antennas are positioned high so that greater signal reflection angles are achieved and so 
that the earth, which is a dielectric material, does not contribute to the wave cancelation 
of the signal (Reed, 2009).  Antennas convert energy from a transmitter communicating 
in voltage and current into radiated electromagnetic energy and vice versa.  Whip and 
dipole antennas are positioned vertically and emit an omnidirectional or 360⁰ pattern 
parallel to the earth.  It however radiates little in the vertical directions also known as the 
null directions.  Decibel (dB) is the unit of measure used to quantify the performance of 
an antenna.  Wireless sensors often use the measures of dBi and dBm for ratings.  While 
dBi indicates a comparison to an isotropic radiator base, dBm uses a base of 1mW into 50 
ohm impedance (Reed, 2009).  The carrier frequency is the middle portion of a RF 
bandwidth and determines the data rate and number of RF modules carried by the 
network.  A low frequency signal can travel farther and requires less power than a high 
frequency signal; however low frequencies cannot transmit as much data (Reed, 2009). 
  
 74 
2.4 Materials and Methods 
2.4.1 Equipment and Instrumentation 
2.4.1.1 Lysimeter Design and Construction 
2.4.1.1a General Description 
In 2005, two weighing lysimeters were installed at the Edisto Research and 
Education Center in Blackville, SC.  The lysimeter design was based on a design by D.K. 
Fisher (personal communication, 2004).  Each lysimeter consists of an inner and outer 
steel box.  The inner box is filled with soil and is supported by four load cells.  A 
datalogger automatically measures and records the mass of the inner tank at regular 
intervals.  An inner tank drainage system was installed to collect excess water and a 
pump was used to remove this water.  A general parts list for the 1m by 1m lysimeter is 
seen in Table 2.1.  The inner tank had inside dimensions of 1m by 1m by 1.5m deep 
while the outer tank was slightly larger on each side at 1.04m by 1.04m by 1.65 m.  The 
1.5m depth was considered to be adequate for cotton growth without restricting root 
development and soil water extraction due to the limitations in root growth depth in 
coastal plain soils.  Each box was painted to prevent future corrosion.  A photo of the 
outer tank construction is shown Figure 2.1 while the inner tank is shown in Figure 2.2.  






Table 2.1  Parts list for construction of 1m by 1m weighing lysimeter. 
 
2.4.1.1b Field Installation 
 A crop lysimeter was installed in a production field to be planted with a cotton 
crop and was positioned (Decimal degrees: -81.333619 Long., 33.359378 Lat.) to contain 
at least 15m of crop surrounding it.  It is in a location that allows a linear-move irrigation 
system (Reinke, Deshler, NE) to access it.  The reference lysimeter was located (-
81.334187, 33.360158) at approximately 150m north from the crop lysimeter in an open 
space planted with grass.  There is approximately 15m of open grass fetch surrounding 
the reference lysimeter. 
With a backhoe, the lysimeters were installed by digging two pits about 2m by 2m 
square and 2m deep.  The soil was dug in a manner to separate and preserve the layers of 
soil found within the site.  The soil was leveled at the bottom of each pit and the 
Assembly Description Qty Price
in mm in cm (US$)
Inner Tank Steel Plate 3/16 thick 4.76 thick 59.3 x 39.4 150 x 100 4
Steel Plate 3/16 thick 4.76 thick 39.4 x 39.4 100 x 100 1
Steel Structural Channel 3 x 1.6 flange 
x 0.36 web
76.2 x 40.64 flange 
x 9.14 web
39 99 10
Outer tank Steel Plate 3/16 thick 4.76 thick 65.1 x 40.9 165.3 x 104 4
Steel Plate 3/16 thick 4.76 thick 40.9 x 40.9 104 x 104 1
Steel Structural Channel 3 x 1.6 flange 
x 0.36 web
76.2 x 40.64 flange 
x 9.14 web
41.3 105 8
Steel Structural Channel 4 x 1.6 flange 
x 0.36 web
76.2 x 40.64 flange 
x 9.14 web
40.5 103 2
Steel Bar 1.5 x 1 38.1 x 25.4 2.2 5.7 4
Loadcell Load Cells 2000 lb 908 kg 4 205 each
Leveling Mounts 1/2 - 20 UNF 12.7 - 20 UNF 4 25 each
Bolts 1/2 - 20 UNF 12.7 - 20 UNF 2.5 6.4 8
Drain PVC Pipe, perforated 4 OD 101.6 OD 36 91 1
PVC Pipe 4 OD 101.6 OD 43 110 1
PVC Pipe 2 OD 50.8 OD 12 31 1
PVC pipe cap 2 OD 50.8 OD 1





groundwater removed by pump.  The outer tank was lowered into the ground, checked for 
level, and the soil filled in around. 
2.4.1.1c Load Cell Installation 
The inner tank is supported by four Sensortronics model number 65023 shear 
beam load cells (Sensortronics, Covina, CA).  The design of the lysimeter is shown in 
Figure 2.1.  The left photo shows the inside of the outer tank with load cells installed.  
The right photo shows the outside of the outer tank.  The load cell wiring was installed in 
conduit to an externally sealed PVC column containing all wires to the load cells and a 
pump installed as a precaution to remove any leaking water through the outer tank.  Over 
time, water may enter through the cracks between the two tanks due to corrosion of the 
steel tanks. 
 
Figure 2.1.  Outer lysimeter tank construction. 
2.4.1.1d Drainage System 
The PVC drain was then installed as seen in Figure 2.2 with gravel added.  This 
drain was made of perforated PVC pipe to collect the deep percolation.  Its use is to pump 
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water out of the lysimeter when its water table becomes greater than the surrounding 
table.  In the lysimeter, the soil was then carefully placed back into the tank opposite 
from the way they had been removed; preserving the layers as much as possible.  The 
surrounding water table was initially compared by boring a hole and installing a 5cm 
access tube about 3m outside each lysimeter.  In 2009, a 100cm AquaSpy multi-sensor 
soil moisture capacitance probe (AquaSpy Inc., Adelaide, South Australia) was also 
installed inside and outside each lysimeter with cellular telemetry to monitor and manage 
the soil moisture and water table within the lysimeters.  The soil moisture data was 
obtained through the link: http://www.agwise.net/en/logon/logon.asp. 
 
Figure 2.2.  Bottom of lysimeter inner tank. 
2.4.1.1e Signal Conditioning and Logging 
 Instrumentation was then set up next to each lysimeter consisting of a 17.3V, 
2.9A, 50W solar panel (GE, Fairfield, Connecticut) measuring 0.66m by 0.86m and a 
large electrical box measuring 0.457m by 0.457m by 0.2m. 
 78 
The signal wires from the four load cells and wires to the pump were routed 
through the outer pipe to the electrical box.  Within the box, these wires were connected 
to a Sensortronics model 20034 summing junction box that conditions the electrical 
outputs of the four load cell readings into one output voltage.  This signal wire then 
enters a Sensortronics model 2020 digital weight indicator used to provide the excitation 
voltage to the junction box and provide a real-time readout of the weight.  The indicator 
also supplies the signal voltage to a CR510 data logger (Campbell Scientific, Logan, UT).  
These components can be seen in Figure 2.3.  The digital weight indicator with readout is 
shown in the upper left, the junction box in the lower left, and the logger on the center 
right of the box.  Four switches were added so that one controlled the main incoming 
power from the 12V deep cycle battery charged by the solar panel, and the other three 
switches controlled individual power to the data logger, outer tank pump, and readout 
display.  The other components will be discussed in future sections when describing the 
wireless instrumentation also implemented into the system. 
 
Figure 2.3.  Lysimeter conditioning and logging components. 
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2.4.1.1f Planting 
 The grass lysimeter was sodded with Bermuda to allow quick establishment of 
vegetation in the summer of 2008.  The crop lysimeter was planted with cotton on June 2, 
2009 with DP 0949 B2RF cultivar from the Delta Pine and Land Company.  
Approximately twelve seeds were planted evenly spaced and thinned on June 26 to leave 
eight total plants.  The area surrounding the lysimeter was also planted in this manner.  
The final lysimeters can be seen in Figure 2.4.  The grass lysimeter is on the left and the 
cotton lysimeter is on the right with the linear-move irrigation system in the background. 
 
Figure 2.4. Complete grass (left) and cotton (right) lysimeters. 
2.4.1.2 Evaporation Pan 
 The automated evaporation pan at EREC was developed and described in 2003 by 
Mathur, however it was in need of some maintenance, repair, and a new calibration.  A 
new 455 kg S-type load cell (LC101, Omega Engineering, Stamford, CT) was installed.  
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This load cell was then linked through a four wire insulated cable to a small pump house 
where it was connected to a signal conditioning load cell amplifier (DMD465, Omega 
Engineering) mounted in a water tight box.  The output signal wires from the signal 
conditioner were then buried underground about 50 to 60 cm deep and connected to 
channel two of the Campbell Scientific CR510 datalogger (Campbell Scientific, Logan 
UT) about 31m away.  The logger was part of the data collection system for the grass 
lysimeter.  Figure 2.5 shows the evaporation pan, load cell, and signal conditioning 
amplifier with the grass lysimeter in the background. 
 
Figure 2.5.  Evaporation pan with load cell (top left) and signal conditioner (bottom). 
2.4.1.3 NOAA Weather Station 
 Weather data for the season was obtained from the NOAA weather station 
through the internet.  Figure 2.6 shows the NOAA weather station located about 800 m 
from the lysimeter area.  The station contains sensors for precipitation, wind speed, solar 
radiation, and relative humidity. 
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Figure 2.6.  NOAA weather station. 
2.4.1.4 Wireless Instrumentation 
To obtain the data from the lysimeters and evaporation pan loggers in the field, a 
wireless system was developed.  This system was set up to gather the data wireless at any 
location on the Clemson University network with a wired internet connection and 
appropriate software.  The loggers were about 0.7 to 0.8km away without a line of site to 
the receiving antenna at the office building.  This data path is seen in Figure 2.7.  
Location C represents the datalogger at the cotton lysimeter and referred to as the cotton 
node (CN) or end device, location G is the datalogger for the grass lysimeter and 
evaporation pan and is referred to as the grass node (GN) or router, and location B is the 
base station (BS) or coordinator. 
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Figure 2.7.  Aerial “data transfer path” map. 
 Due to the trees in between the CN and the BS, the radios could not be set up to 
communicate directly between each end node and the BS.  A list of components used to 
develop the system is shown in Table 2.2. 




Description Manufacturer Part Number Qty Price
(US$)
Radio Development Kit DIGI International XB24-BPDK 1 254
Ethernet Gateway DIGI International X4-B11-E-W 1 479
6.1m Coax Cable DIGI International JR2R3-CL1-20F 1 48
Base Antenna Hyperlink Technologies HG2415Y-NM 1 44.99
Lightning Protector Hyperlink Technologies AL-NFNFBHP-9 1 24.99
Connection converter Hyperlink Technologies AXA-NMRSP 1 4.99
PC Board Radio Shack 276-0159 2 1.15
Voltage Regulator Radio Shack 276-1771 4 1.59
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2.4.1.4a Radio Nodes 
An XBee ZNet 2.5 ZigBee Mesh Development Kit (Digi International, 
Minnetonka, MN) was purchased that included the three RS-232 interface boards with 3 
radio modules and appropriate antennas, 2 null modems (gender converters needed with 
null modems shown), 3 power supplies, and software/driver installation CD needed for 
the project (Figure 2.8).  The two “PRO” modules were used for the BS and GN due to 
the long distance between the two locations and one non PRO module was used for the 
CN.  The regular XBee radio has a rated outdoor line of site range of about 120m and 
uses 2mW of power for a +3dBm gain.  The PRO version has a line of site outdoor range 
of 1.6km and uses 63mW power with a +18dBm gain.  Both radios can transmit up to 
250,000 bits per second. 
A 120V power supply provided with the radios was used to power the radio at the 
base station.  Since 120V was not available at the lysimeter locations, the existing 12V 
power was utilized.  This was done using power supply tips wired to the voltage 
regulators. 
 
Figure 2.8.  Digi development kit components. 
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Instructions for the installation of all software, hardware, and radio programming 
can be found in Appendix C.  Upon completion of programming the radios, all hardware 
was then mounted.  The mounting location of the grass and cotton lysimeter radios can be 
seen in Figure 2.9 contained within water tight boxes. 
 
Figure 2.9.  GN (left) and CN (right) lysimeter radio mounting locations. 
 Due to the fluctuation of solar power throughout the day, voltage regulators were 
also used to power the radios and the data loggers.  The PC board with components can 
be seen in Figure 2.10 mounted to the left of the data logger.  Since both the radios and 
loggers need about 12V, but no more than one amp to run, 12V, 1 amp voltage regulators 
were used.  Three, 12V power supplies were put on one PC board however the third was 
not used and serves only for any future instrumentation additions.  The Sensortronics 
display readout was not changed from the original design and was not connected to this 
power supply due to its ability to function between 12 and 36V.  Since the 12V regulator 
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actually produces slightly less than 12V, the regulator could not be used to power the 
display. 
 
Figure 2.10.  12V supply circuit for datalogger and radio node. 
2.4.1.4b Base Station 
 At the base station, a 2.4 GHz, 14.5 dBi Yagi antenna (HyperLink Technologies, 
Boca Raton, FL) was installed as recommended by Digi Intl. due to its high gain and 
previous testing showing maximum gain possible with relatively no cable loss.  The N-
Male connection on the antenna was attached to the N-Female end of the lightning 
protector (HyperLink Technologies) and the other N-Female end of the protector attached 
to the N-Male to RP-SMA Plug adapter (HyperLink Technologies).  This was then 
connected to the 6.1m coax cable (Digi Intl.) entering the office building and connected 
to the base radio.  The antenna and coax can be seen on the upper portion of the pole in 
Figure 2.11 while the radio is seen in the upper portion of Figure 2.12. 
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Figure 2.11.  Base station antenna on pole. 
 The base station radio was then connected directly to the ConnectPort X4 
Ethernet gateway (Digi Intl.) as seen in the lower portion of Figure 2.12 with power 
supply and Ethernet connection.  The Ethernet gateway transfers the signal from the radio 
to a TCP/IP connection established through the gateway. 
 
Figure 2.12.  Base station radio (top) and ConnectPort Ethernet gateway (bottom). 
2.4.2 Data Analysis 
2.4.2.1 Lysimeter Calibration 
Calibration was performed using the weight of several persons whose weights 
were determined using a large mechanical scale.  Each person stepped on the lysimeter 
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and the voltage readout from the signal wires was recorded with each addition.  The 
persons were then removed in a different order to obtain several more combinations of 
weight and a calibration line of the weight versus the voltage plotted.  Throughout the 
season, checks were performed with known weights such as counter balance weights 
from the mechanical balance scale and tractor weights ranging from 0.45kg to 45kg. 
2.4.2.2 Pan Calibration 
 Due to the replaced equipment, a new calibration was performed to relate the 
output of the load cell to the depth of the water in the pan.  The pan was first thoroughly 
cleaned before performing any measurements.  The signal conditioner was adjusted to 
output a range of 0 to 2.5 volts by filling the pan completely and adjusting the coarse and 
fine gain potentiometers.  This was done to achieve the maximum range possible for 
resolution in calibration and also staying within the acceptable range of the logger that 
accepts a maximum of 2.5V.  The pan was then emptied and set back on the platform.  
Using a volt meter, the output (V) was recorded at the location of the datalogger.  Water 
was then added in 13 to 14mm increments from 0 to 250mm and allowed to settle.  
Movement hindered reading the ruler and caused the load cell reading to fluctuate.  The 
water depths in the pan were then plotted versus the output voltage and a curve fitted to 
yield a calibration equation. 
2.4.2.3 ET and Crop Coefficient 
2.4.2.3a Lysimeter ET 
 The lysimeter data was analyzed using Equation 2.1.  Care was taken to monitor 




, a change of 1kg in the lysimeter was equivalent to 1mm of water.  
Thus, the masses as provided by the logger collection were converted to depths.  A 
change was computed by subtracting the previous day from the next and so on until the 
end of the season.  This provided a daily change in storage that could then be input into 
Equation 2.1.  Once all other variables were obtained for this equation, the ETc or ETo 
could be calculated.  The irrigation and pumping depths were computed converting water 
input (irrigation) or output (pumping) volumes into a depth. 
Since, the drop that travels directly over the lysimeter was blocked for purposes of 
plot irrigation in other parts of the field, irrigation was applied with an 18.9 liter bucket 
incremented in 3.79 liter intervals.  Water was added manually with the bucket while 
trying to match the surrounding VMC with the moisture sensor just outside the lysimeter.  
The outside probe was within the linear-move system irrigated area.  Water pumped from 
the lysimeters was also collected in this bucket and converted to a depth removed from 
the lysimeters. 
2.4.2.3b Evaporation Pan ETo 
 Pan ETo calculations were computed as described by Mathur (2003).  When 
observing the evaporation pan as a mass balance, Equation 2.1 is used and treated as 
general volume rather than a soil volume in particular.  Special precautions were taken to 
measure the rain using a rain gauge just beside the evaporation pan after each rain event.  
Also, when the evaporation pan lost more than about 10cm from the rim of the pan, water 
was added to bring the level of water up to 5cm below the pan rim.  The change in water 
was noted and used in the water balance.  An example of the spreadsheet in this 
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calculation is found in Appendix E.  The crop coefficient was then calculated as in 
Equation 2.2 using the reference ET curve computed and the crop ET calculated from the 
cotton lysimeter. 
2.4.2.3c Meteorological ETo 
 Weather data was obtained to compute the ET by the P-M and the J-H equations 
through the link: http://www.ncdc.noaa.gov/crn/report.  The “general monthly” data 
selection was used to obtain precipitation, temperature, and solar radiation data while the 
“element listing” selection was used to collect the detailed wind and RH data.  The wind 
data was averaged on a per day basis while the minimums and maximums were found for 
the RH data. 
The P-M ETo was carried out using procedure described by Allen et al. (1998) in 
the FAO-56 method.  The method uses a series of equations as introduced in the literature 
review and Equation 2.4 to compute the reference evapotranspiration of the area based 
upon the temperature, wind, relative humidity, and solar radiation obtained locally.  J-H 
ETo calculations are obtained using the method described by Ward and Trimble (2004).  
Several steps are required to compute the ETo from the temperature and solar radiation 
beginning with Equation 2.5.  The crop coefficient was then calculated as in Equation 2.2 




2.5 Results and Discussion 
2.5.1 Wireless Data Acquisition 
 Configuring the wireless acquisition and web-based system with the lysimeters 
and evaporation pan to allow seamless transmission proved to be challenging.  Many 
problems were encountered during the development of the system due to apparent 
incompatibilities between the equipment and the various settings that had to be 
configured.  The main problems encountered were establishing connections between the 
system and equipment, receiving full data transmissions of the stored data, establishing 
direct connections to the prescribed IP address, and addressing the radios. 
The addressing problems were ultimately solved by updating the operating system 
of the loggers, upgrading the software on the base computer, and rewriting the logger 
program initiating the data collection.  System communication errors were due to timing 
issues in communication between the loggers and the radios.  This problem was resolved 
by adjusting the packetization timeout to zero.  This function is the time left between 
commands before sending the next group or packet of data which is limited to 87 bytes 
by the radios. 
 Upon completing the configuration of the parameters for the radios, loggers, and 
Ethernet gateway, the system performed the task to meet the requirements of the 
objective.  Downloading is not as convenient as hoped due to the need to address each 
radio node when downloading data, however this requires less than one minute in 
additional time.  There are several parameters built into the new Campbell Scientific 
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LoggerNet program that may allow the elimination of this step or the use of basic 
programming may be used to perform the function automatically in the future. 
2.5.2 Pan Calibration 
 The automatic pan evaporation system was calibrated onsite to determine the 
relationship between the output voltage and water depth by adding water to the pan and 
measuring the voltage output.  Plotting the depth on ruler versus the voltage output as 
seen in Figure 2.13, a linear relationship was found to be:   
𝐷𝑝 = 14.015 ∗ 𝑉 − 8.8399.                                            (2.6) 
Here, Dp is the depth of the pan (cm) and V is the voltage output from the signal 
conditioner (V).  The standard error was found to be 0.11cm. 
 
Figure 2.13.  Evaporation pan calibration. 
2.5.3 Lysimeter Calibration 
 The calibration of the lysimeters also showed a linear relationship between the 
weight of the lysimeters and the output voltage of the load cells.  The calibrations are 




















seen in Figure 2.14.  Both relationships were linear and had regression values close to or 
equal to 1 with standard errors of 0.36kg and 0.71kg for the cotton lysimeter and grass 
lysimeter, respectively.  The calibration set on the left represents the calibration of the 
cotton lysimeter where: 
𝑀𝐶 = 247.56 ∗ 𝑉𝐶 − 17.218.                                            (2.7) 
Here, MC is the mass of the cotton lysimeter and VC is the voltage (mV).  The grass 
lysimeter relationship is shown on the right of the figure and follows the calibration: 
𝑀𝐺 = 244.69 ∗ 𝑉𝐺 − 1.7935,                                           (2.8) 
where MG is the mass of the grass lysimeter and VG is the voltage (mV).   
 
Figure 2.14.  Cotton lysimeter calibration (left) and grass lysimeter calibration (right). 
2.5.4 Lysimeter Performance 
2.5.4.1 Calibration 
A calibration check using known balance weights and tractor weights at several 
times during the day proved the system was accurate to the display in the instrument box.  
Much variance could be seen watching the display at windy times.  This occurrence was 











































also noted by Howell (2004) where the precision of lysimeters declined when the wind 
speed was greater than 3m/s due to the load of the wind on the surface of the lysimeter. 
2.5.4.2 Operation 
 Data collected in 2008 was unusable due to abnormal deviations in the data likely 
due to large amounts of irrigation and rainfall.  The grass lysimeter was irrigated several 
times per week causing the mass of the lysimeter to increase while the ETc also 
increased.  This caused the determination of the change in mass of the lysimeter, due to 
ET, to become difficult (Phene et al., 1991).  Hunsaker et al. (2003) said that after several 
days following irrigation or a heavy rainfall, soil evaporation “can cause Kc to deviate 
significantly from the empirically determined Kc function.”  This was likely a cause of 
the cotton lysimeter data to deviate from the norm also in both 2008 and 2009.  Due to 
these reasons, the 2008 data was discarded.  Some points were eliminated in 2009 due to 
the deviation after rainfall, however problems were much less than in 2008 due to better 
management. 
Much of the data was not recorded in the 2008 season due to bad 12V supply 
batteries.  Readings were often recorded in the daytime when solar power was available, 
but not in the evenings to early morning hours.  The power supply to the equipment used 
in the 2008 data collection was also unregulated causing the fluctuations from the solar 
panels to affect the supply voltage.  These voltages constantly varied from 11V to over 
19V.  According to Campbell Scientific, the logger can be damaged with voltages in 
excess of 18V thus the reason for the 12V voltage regulator addition to the equipment in 
2009.  The dataloggers also contain a 3V CR2430 lithium coin cell battery (Radio Shack, 
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Fort Worth, TX) to preserve the data contained within the logger when an external power 
source is not present.  Due to extended periods of time without an external power source, 
these batteries were also replaced in the loggers since the loggers were very old and there 
was no record of their replacement. 
2.5.4.3 Resolution 
 Figure 2.15 shows the data collected from the cotton lysimeter logger from the 
period of June 30 at 28 DAP to July 7 at 35 DAP.  It shows examples of how the mass of 
the lysimeter changed with the addition of water by irrigation and precipitation and the 
removal of water by pumping.  Each vertical gridline represents 12 midnight. 
 
















































2.5.4.4 Soil Water Management 
 With capacitance probes installed in 2009, the soil water levels were monitored 
and adjusted with the sensors.  Averaged over the entire season, the VMC inside the 
lysimeter from depths 20cm to 60cm averaged 15.23% while outside in the same depths 
the VMC averaged 13.77%.  The outside thus had a 9.6% less VMC than the inside of the 
lysimeter creating an “oasis effect” as described by Allen et al. (1991) in which the 
lysimeter is surrounded by dryer vegetation or nonevaporative surfaces.  This causes 
advection where the heat is transferred from the surroundings to the lysimeter plants and 
possibly causing increases in ET in the lysimeter.  Even though higher ET rates occurred 
inside the lysimeter, the VMC inside the lysimeter never dropped below that of the 
outside VMC due to irrigation or water additions made when wilting of the plants was 
present.  Figure 2.16 shows the variation of the VMC over the season where the inside 
lysimeter probe readings are greater than the outside VMC readings.  The lysimeter tank 
is not thought to contribute to differences in sensor readings inside the lysimeter due to 
the probes very small radial sensitivity. 
 




















Inside 20-60cm Outside 20-60cm
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2.5.5 Irrigation and Weather Data 
 Seasonal rainfall and irrigation amounts for the cotton lysimeter are shown in 
Table 2.3.  The total application for the season was approximately 406 mm water.  The 
lysimeter was not irrigated as frequent as the majority of the field due to blocked drops 
on the linear-move irrigation system as described earlier. 
Table 2.3.  Rain and irrigation for the 2009 season. 
 
 NOAA weather data was retrieved to be used in the P-M and J-H ETo 
calculations.  Using the Annex I table of pan coefficients for a “Class A” pan in FAO 
chapter 5 as described by Allen et al. (1998), a pan coefficient of 0.83 was selected based 
on an average humidity slightly greater than 70% and average wind speed less than 175 
km/day with a fetch distance of about 3m.  This was a “Case B” pan where the pan was 
surrounded by a normally dry fallow area.  Rainfall data can be seen in Figure 2.17. 
Description Emergence 10% Cover First Yellowing Season
Flower End
Date 7-Jun 1-Jul 26-Jul 30-Aug 30-Sep
DAP 5 29 54 89 120
Water to Date (mm) 23.11 100.97 205.61 299.37 405.92
 97 
 
Figure 2.17.  NOAA recorded precipitation. 
 The maximum temperature for the season occurred on DAP 25 or June 27, 2009.  
This data is shown in Figure 2.18 for the season along with the minimum temperatures.  
The data shown as given by the NOAA weather station is given until October 12, the 
time at which the vegetation had fallen off of the plant and was “defoliated.”  This 
allowed for more data to be included when calculating the crop coefficient when 
compared to the date of September 30
th
 as used for the period where the crop was no 





































Figure 2.18.  Daily temperature maximums and minimums. 
 Relative humidity data is shown in Figure 2.19.  The maximum averaged 94.4% 
while the minimum averaged 47.1%.  The increases in the minimum RH are most often 
accompanied by the rain event as shown in Figure 2.17. 
 










































 Average wind speed is shown in Figure 2.20.  The average wind speed for the 
season was approximately 1.5m/s. 
 
Figure 2.20.  Daily average wind speed. 
 The total daily solar radiation is shown in Figure 2.21 and is shown to decrease as 
the season progresses. 
 



















































With the weather data, the ETo based on the P-M method was computed.  The ETo 
averaged about 4.5mm/day for the season.  The ETo based on the grass lysimeter and 
evaporation pan was also computed to yield averages of 5.0mm/day and 3.4mm/day, 
respectively.  Also computing the ETc from the cotton lysimeter data, a plot of the 
cumulative ET versus the DAP was plotted and shown in Figure 2.22.  The results 
showed that the cumulative ETc was greater than ETo for calculations based on the P-M 
and grass lysimeter methods.  Due to the infrequent watering of the grass lysimeter, the 
data is much lower than the P-M.  Since the pan coefficient was relatively large, the ETo 
based on the pan was about equal to the ETc for the majority of the season.  ETc began to 
increase at about 30 DAP when the development stage of the crop began.  At the 
beginning of the mid-season stage, it then leveled off to a constant rate. 
 

























Days After Planting (DAP)
Pan P-M Cotton Grass
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2.5.6 Crop Coefficient 
 Using the definitions for the beginning and end of the crop development periods 
as described earlier, the dates for the periods were pinpointed and shown in Table 2.4.  
Using photos throughout the season and plant mapping taken throughout the season the 
dates were defined to be June 7, July 1, July 26, August 30 and October 12 for the 
beginning of the initial stage, beginning of the crop development stage, beginning of the 
mid-stage, beginning of the end stage, and the end of the season respectively. 
Table 2.4. Dates of crop development periods. 
 
 With the dates of the growth stages, the sum of ETo and ETc was calculated 
within each period and the crop coefficient calculated.  The crop coefficient based on the 
P-M method is shown in Table 2.5.  For the P-M method, the initial Kc was found to be 
0.91 while the mid season and end coefficients found to be 1.24 and 0.72 respectively.  






Emergence 10% Cover First Yellowing Defoliation
Flower
Month June July July August October
Day 7 1 26 30 12
DAP 5 29 54 89 132
Period 29 25 35 43
Date of
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Table 2.5. Crop coefficient calculations based on the P-M method. 
 
 A plot of this table is seen in Figure 2.23 with the actual data displayed.  The 
trend of the data appears to be at a higher coefficient for the mid season stage.  There are 
several reasons why the ETc data could be higher than expected.  First, since the 
lysimeter was not positioned directly in line with the row, the plant vegetation does not 
overlap itself and spreads out.  This causes more vegetative surface to become “visible” 
and encourages more horizontal growth thus increasing the ET.  Due to the “oasis effect” 
also described earlier, the ET was also expected to be higher.  The slight difference 
between the plant stand counts is not expected to make a large difference between the ET 
since the lesser population density also spreads out horizontally producing more 
vegetation.  Hribal (2009) also reported this and noted that it is due to lesser competition 
for water and nutrients with less plant density. 
The “clothesline effect” was also potentially noticed in the ET results due to the 
faster growth and taller plants within the lysimeter.  The taller plants possibly resulted 
from the higher moisture content in the lysimeter or differences in soil densities.  This 
phenomenon was described by Allen et al. (1991) and is said that taller plants within the 
lysimeter receive more radiant energy than the plants around them, resulting in higher 
ET.  It was also noted that the smaller the lysimeter the more pronounced these effects 
Crop Period DAP Sum Sum Crop
Coefficient Eto, P-M Etc, cotton Coefficient
Stage (days) (mm) (mm) Kc
Initial 29 29 92.25 84.10 0.91
Vegitative 25 54 -- -- --
Mid 35 89 157.74 195.29 1.24
End 43 132 163.00 117.03 0.72
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will be.  Other sources of increased radiant energy reflecting to the plants are the top rim 
of the lysimeter tank that sticks above the soil surface with the trash and rain guard 
protecting the gap between the two tanks.  These surfaces can potentially reflect radiant 
energy onto the crop thus increasing the ET. 
 
Figure 2.23.  Crop coefficient curve developed based on the P-M method. 
 Visual observations at the end of the season also showed possible soil variations 
in the lysimeter location.  A photo of these effects can be seen in Figure 2.24.  The figure 
shows the cotton directly around and in the lysimeter where the majority of the bolls have 
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yet to fully open or show signs of complete senescence of the leafs.  If this problem was 
due to the blocked drop on the irrigation system, the open bolls would also dominate the 
cotton rows leading up to the lysimeter.  The soil variability occurring here could be due 
to the inability for tillage equipment to access the location immediately surrounding the 
lysimeter and possibly because of the initial soil disturbance when the lysimeter was 
installed.  Also, because the lysimeter was repacked, but no longer is subjected to 
frequent compaction from equipment, the lysimeter soil profile no longer contains the 
distinct hardpan feature that occurs under normal coastal plain conditions and in the 
surrounding field. 
 
Figure 2.24.  Cotton lysimeter on October 26, 2009. 
 The developed crop coefficient is summarized in Table 2.6 along with the crop 
coefficient developed from the evaporation pan, grass lysimeter, and J-H methods.  
Comparisons are also shown in the table with crop coefficients developed in Texas, 
Louisiana, and Georgia.  The South Carolina P-M Kc compares very close to the Georgia 
based which was calculated based on the FAO-56 P-M method and a two stage 
 105 
coefficient.  Three developed coefficients are shown to allow for a direct comparison to 
different water regimes.  40% IT indicates a 40% addition of the total available water 
above the permanent wilting point.  60% and 90% are defined in the same respective 
manner.  Thus the 90% treatment was watered more than the 40% treatment over the 
season.  Both the Georgia and South Carolina crop coefficients are greater than the Texas 
Kc mid coefficient, but less than the Louisiana Kc mid.  The initial Kc is often much 
higher due to the weather conditions at the beginning of the season.  The initial South 
Carolina coefficient is much greater than the others due to an extended period of rain just 
before the first of the season; causing the soil moisture to be high and thus evaporation 
from the soil to be large.  The coefficient mentioned earlier as reported by Harrison and 
Tyson (1993) was not included due to the literature not pinpointing the source or method 
of development of their coefficient, and since it was based on a long season cultivar. 




Period Kc Period Kc Period Kc Period Kc Period Date
Days Days Days Days Days
Texas
1
30 0.35 50 -- 55 1.15-1.2 45 0.35-0.75 180 April
Louisiana
2
29 0.15 39 0.64 66 1.39 NA NA NA 5-May
Georgia 40% IT
3
30 0.49 33 -- 45 1.23 39 0.1 147 17-May
Georgia 60% IT
3
30 0.87 34 -- 44 1.22 41 0.34 149 17-May
Georgia 90% IT
3
30 0.98 34 -- 46 1.25 44 0.58 154 17-May
Georgia
4
29 25 -- 35 43 132 2-Jun
South Carolina, P-M 29 0.91 25 -- 35 1.24 43 0.72 132 2-Jun
South Carolina, Pan 29 0.69 25 -- 35 1.15 43 0.67 132 2-Jun
South Carolina, GL 29 1.38 25 -- 35 1.86 43 0.73 132 2-Jun
South Carolina, J-H 29 0.70 25 -- 35 1.13 43 0.78 132 2-Jun
1
Taken from Table 2 (Ko et al., 2009) as reported by FAO-56 (Allen et al., 1990) for Bushland, TX
2
Taken from Table 4.1 (Hribal, 2009) as determined in Tensas Parish, LA
3
Taken from Tables 2 and 3 (Suleiman et al., 2007) where IT is the irrigation threshold equivlent to the total water at permanent 
  wilting point plus the percentage of the total avaliable water
Initial Development Mid End
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2.5.7 Pan Coefficient 
 A pan coefficient was calculated from Equation 2.3 based on the P-M ETo and 
Epan computed and shown in Figure 2.25 versus the DAP.  A trendline was added and the 
y-intercept adjusted until the slope was equal to approximately zero.  The resulting 0.72 
intercept was the developed pan coefficient.  This is much less than the coefficient as 
predicted from the FAO table.  This would ultimately cause the Kc to become larger than 
that predicted by the initial coefficient from the Table 2.6. 
 
Figure 2.25. Development of pan coefficient. 
  




















 A wireless system was developed to transfer data from field dataloggers via radio 
frequency to an office computer via an IP/TCP connection.  The system was successful 
with less than $900 in expenses.  The majority of the expense was for the Ethernet device 
to transferring the data the IP/TCP connection.  The system can easily be produced for 
future applications, making field data collection much more efficient and manageable. 
 Two weighing lysimeters were constructed to provide crop and reference ET 
measurements in a cotton crop.  Evaporation pan and weather data from a local station 
were also used to provide a basis for calculating ET.  Using the various methods, several 
crop coefficients were developed for a southeastern humid climate.  Because the Penman-
Monteith method is widely known and trusted, and weather data is easily obtained for 
many parts of the southeast, a set of crop coefficients were developed based on this 
method to be reported.  For the season, they were determined from P-M and cotton 
lysimeter to be 0.91, 1.24, and 0.72 for the initial, mid, and end stages of the local, 
Southeastern humid climate cotton crop coefficient curve on a Delta Pine 0949 BSRF 
cultivar.  These crop coefficients provide a much needed improvement to the current 




Allen, R.G., L.S. Pereira, D. Raes, and M. Smith. 1998. Crop evapotranspiration – 
guidelines for computing crop water requirements – FAO irrigation and drainage 
paper 56.  Rome, Italy: Food and Agriculture Organization of the United Nations. 
Available at: http://www.fao.org/docrep/X0490E/X0490E00.htm. 
 
Allen, R.G., W.O. Pruitt, and M.E. Jensen.  1991. Environmental requirements of 
lysimeters.  In Proc.  Of the International Symposium on Lysimetry, 28-36. New 
York, New York: American Society of Civil Engineers. 
 
Clawson, E.L., S.A. Hribal, G. Piccinni, R.L. Hutchinson, R.V. Rohli, and D.L. Thomas.  
2009.  Weighing lysimeters for evapotranspiration research on clay soil. 
Agronomy Journal, 101(4): 836-840. 
 
Farahani, H.J., T.A. Howell, W.J. Shuttleworth, and W.C Bausch. 2007. 
Evapotranspiration: progress in measurement and modeling in agriculture. 
Transactions of the ASABE, 50(5): 1627-1638. 
 
Farahani, H.J., T.Y. Oweis, G. Izzi. 2008. Crop coefficient for drip-irrigated cotton in a 
mediterranean environment. Irrigation Science, 26: 375-383. 
 
Fisher, D.K. 2008. Personal communication on the operation and data analysis of 
lysimeters.  Jamie Whitten Delta States Research Center, UDSA ARS, Stoneville, 
MS. 
 
Fisher, D.K. 2004. Unpublished information on the lysimeter work at Stoneville, 
Mississippi. Jamie Whitten Delta States Research Center, UDSA ARS, Stoneville, 
MS. 
 
Grismer, M.E., M. Orang, R. Snyder, and R. Matyac. 2009. Pan evaporation to reference 
evapotranspiration conversion methods. Journal of Irrigation and Drainage 
Engineering, 128(3):180-184. 
 
Harrison, K. and A. Tyson. 1993. Irrigation scheduling methods. Cooperative Extension 
Service, University of Georgia, Bulletin No-974. 
 
Howell, T.A.. 2004. Lysimetry. Encyclopedia of Soils in the Environment. Elsevier Ltd, 
Oxford, UK: 379-386. 
 
Hribal, S.A. 2009. Crop coefficients for cotton in northern louisiana. MS Thesis. Baton 




Hunsaker, D.J., P.J. Pinter Jr., E.M. Barnes, and B.A. Kimball. 2003. Estimating cotton 
evapotranspiration crop coefficients with a multispectral vegetation index. 
Irrigation Science, 22:95-104. 
 
Kim, Y., R.G. Evans, and W.M. Iversen. 2008. Remote sensing and control of an 
irrigation system using a distributed wireless sensor network. IEEE Transactions 
on Instrumentation and Measurement, ISSN: 0018-9456. 
 
Ko, J., G. Piccinni, T. Marek, and T. Howell. 2009. Determination of growth-stage-
specific crop coefficients (Kc) of cotton and wheat. Agricultural Water 
Management, 96(12): 1691-1697. 
 
Mathur, D. 2003. Effects of irrigation scheduling and fertigation methods on cotton 
production for substance drip irrigation in coastal plain soils. MS thesis. Clemson, 
SC: Clemson University, Department of Agricultural and Biological Engineering. 
 
Moore, S. 2005. Development of a variable rate linear move irrigation system for cotton 
in coastal plain soils. MS thesis. Clemson, SC: Clemson University, Department of 
Agricultural and Biological Engineering. 
 
Niyazi, B. 2006. Scheduling site-specific irrigation for cotton in the southeastern coastal 
plain soils using linear-move irrigation system. PhD diss. Clemson, SC: Clemson 
University, Department of Agricultural and Biological Engineering. 
 
Payero, J.O. and S. Irmak. 2008. Construction, installation, and performance of two 
repacked weighing lysimeters. Irrigation Science, 26:191-202. 
 
Phene, C.J., G.J. Hoffman, T.A. Howell, D.A. Clark, R.M. Mead, R.S. Johnson, and L.E. 
Williams. 1991. Automated lysimeter for irrigation and drainage control. In Proc.  
Of the International Symposium on Lysimetry, 28-36. New York, New York: 
American Society of Civil Engineers. 
 
Reed, S. 2009. Physical aspects of applying wireless sensors. Resource Magazine, 16(1): 
8-11. 
 
Suleiman, A.A., C.M. Tojo Soler, and G. Hoogenboom. 2007. Evaluation of FAO-56 
crop coefficient procedures for deficit irrigation management of cotton in a humid 
climate. Agricultural Water Management, 91:33-42. 
 
Ward, A.D. and S.W. Trimble.  2004.  Environmental hydrology.  2
nd
 Ed. Lewis 



























Irrigation and precipitation 
Figure A-1: Plot water application totals in 2008 (left) and 2009 (right) per plot. 
 
Zone Cultivar Irrigation Plot ID Total (mm) Zone Cultivar Irrigation Plot ID Total (mm)
1 DP 147 0 H7 501.1 1 DP 0924 0 D11 353.4
40 G6 529.5 30 G8 437.9
60 I9 543.7 60 F10 522.4
80 H6 557.8 90 J7 607.0
100 I11 572.0 100 -- 607.0
120 G8 586.2
DP555 0 F11 501.1 DP 0920 0 G11 353.4
40 F8 520.7 30 I9 437.9
60 H11 530.5 60 I7 522.4
80 J7 540.3 90 H10 607.0
100 G7 550.1 100 -- 607.0
120 I10 559.9
DP 0924 0 J6 501.1 DP 0949 0 I8 353.4
40 I6 518.8 30 F8 437.9
60 G10 527.6 60 J9 522.4
80 J9 536.5 90 J6 607.0
100 F10 545.3 100 -- 607.0
120 D11 554.1
DP 0935 0 G11 501.1 DP 0935 0 H8 353.4
40 H8 518.8 30 F11 437.9
60 I8 527.6 60 G10 522.4
80 E11 536.5 90 I10 607.0
100 H10 545.3 100 -- 607.0
120 I7 554.1
2 DP 147 0 A5 501.1 2 DP 0924 0 F9 353.4
40 E10 516.7 30 D5 437.9
60 H5 524.5 60 J8 522.4
80 A4 532.3 90 C10 607.0
100 E8 540.1 100 -- 607.0
120 D5 547.9
DP555 0 D7 501.1 DP 0920 0 E10 353.4
40 B5 531.2 30 H5 437.9
60 D4 546.2 60 H6 522.4
80 D10 561.2 90 A5 607.0
100 D8 576.2 100 -- 607.0
120 D6 591.2
DP 0924 0 E9 501.1 DP 0949 0 A7 353.4
40 B4 521.1 30 F4 437.9
60 A6 531.0 60 I5 522.4
80 I5 541.0 90 E9 607.0
100 J5 551.0 100 -- 607.0
120 F6 560.9
DP 0935 0 E7 501.1 DP 0935 0 D10 353.4
40 G5 536.6 30 D6 437.9
60 E6 554.3 60 D8 522.4
80 A7 572.1 90 C11 607.0
100 B6 589.8 100 -- 607.0
120 F9 607.5
3 DP 147 0 B10 501.1 3 DP 0924 0 H4 353.4
40 C4 539.2 30 A8 437.9
60 B9 558.2 60 C6 522.4
80 B11 577.3 90 C8 607.0
100 H4 596.3 100 -- 607.0
120 D9 615.4
DP555 0 E5 501.1 DP 0920 0 C9 353.4
40 A10 512.4 30 B6 437.9
60 I4 518.0 60 A4 522.4
80 E4 523.6 90 B10 607.0
100 C7 529.2 100 -- 607.0
120 C10 534.9
DP 0924 0 G4 501.1 DP 0949 0 A11 353.4
40 A11 526.1 30 B8 437.9
60  B8 538.5 60 A9 522.4
80 A9 551.0 90 G4 607.0
100 C8 563.5 100 -- 607.0
120 C6 575.9
DP 0935 0 C5 501.1 DP 0935 0 G5 353.4
40 C9 526.7 30 I4 437.9
60 B7 539.5 60 C7 522.4
80 F5 552.3 90 A6 607.0
100 A8 565.1 100 -- 607.0
120 F4 577.9
Irrigation Treatments, Monsanto - 2009Irrigation Treatments, Monsanto - 2008
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Lepa 1 Bubble Red up
Lepa 2 Airated bubble Red up
Irrigate Horizontal fan Red down
Chemigate Vertical cone Red up
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Appendix B 
Capacitance Probe Calibration 
Table B-1.  Soil properties (Waters Agricultural Laboratories, Inc., Camilla, GA) 
 
Table B-2.  2008 soil depth measurements 
 
  
Horizon Soil Silt Sand Clay Silt Organic
Type and Clay Matter
(%) (%) (%) (%) (%)
A Sand 12.4 87.6 2.2 10.2 0.65
E Sandy Clay 32.8 67.2 24.4 8.4 1.16
Bt Sandy Clay 46.8 53.2 36.4 10.4 1.39
Zone Replicate Depth Depth
to HP to Clay
(cm) (cm)
1 1 27.94 38.1
1 2 25.4 38.1
1 3 24.13 39.37
2 1 20.32 33.02
2 2 20.32 33.02
2 3 19.05 33.02
3 1 17.78 22.86
3 2 16.51 22.86
3 3 17.78 22.86
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Table B-3.  2009 soil depth measurements 
 
  
Zone Plot Replicate Depth Depth
to HP to Clay
(cm) (cm)
1 J7 1 33.02 38.1
1 2 30.48 40.64
1 3 38.1 40.64
1 G8 1 22.86 33.02
1 2 30.48 33.02
1 3 20.32 33.02
1 D11 1 35.56 40.64
1 2 35.56 40.64
1 3 35.56 40.64
1 F10 1 25.4 33.02
1 2 33.02 34.29
1 3 30.48 35.56
2 J8 1 27.94 27.94
2 2 30.48 40.64
2 3 40.64 40.64
2 D10 1 35.56 35.56
2 2 35.56 35.56
2 3 34.29 34.29
2 F9 1 24.13 30.48
2 2 26.67 30.48
2 3 21.59 24.13
2 D5 1 30.48 34.29
2 2 21.59 30.48
2 3 24.13 24.13
3 H4 1 25.4 25.4
3 2 24.13 24.13
3 3 21.59 21.59
3 C8 1 40.64 40.64
3 2 33.02 33.02
3 3 25.4 25.4
3 A8 1 21.59 21.59
3 2 25.4 29.21
3 3 25.4 25.4
3 C6 1 30.48 35.56
3 2 20.32 26.67
3 3 38.1 38.1
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Table B-4.  AquaSpy® probe calibration data. 
 
Location Replicate Depth Dig Wet Dry Tin Water Graviometric Bulk Volumetric Probe
Depth Mass Mass Mass Mass MC (dry basis) Density MC Reading
[cm] [cm] [g] [g] [g] [g] [g/g] [g/cm3] [cm3/cm3]
1.2 2 10 7 229.3 220.38 6.55 8.92 0.042 1.559 0.065 48.443
1.2 1 10 7 232.38 223.01 6.58 9.37 0.043 1.578 0.068 48.443
3.1 2 10 7 252.36 232.82 6.55 19.54 0.086 1.650 0.142 59.351
3.1 1 10 7 255.92 235.48 6.55 20.44 0.089 1.669 0.149 59.351
2.2 2 10 7 258.73 243.4 6.53 15.33 0.065 1.727 0.112 62.503
2.1 1 10 7 238.71 220 6.55 18.71 0.088 1.556 0.136 65.378
2.1 2 10 7 242.32 223.18 6.54 19.14 0.088 1.580 0.140 65.378
1.1 1 10 7 256.34 235.63 6.59 20.71 0.090 1.670 0.151 66.27
1.1 2 10 7 257.38 235.5 6.56 21.88 0.096 1.669 0.160 66.27
4.1 2 10 7 249.39 230.35 6.62 19.04 0.085 1.631 0.139 68.084
4.1 1 10 7 253.85 234.61 6.76 19.24 0.084 1.661 0.140 68.084
3.2 2 10 7 275.8 248.57 6.55 27.23 0.113 1.765 0.199 80.431
3.2 1 10 7 278.09 250.75 6.54 27.34 0.112 1.781 0.199 80.431
2.2 2 20 17 254.87 240.62 6.69 14.25 0.061 1.706 0.104 44.381
2.2 1 20 17 255.83 240.36 6.71 15.47 0.066 1.704 0.113 44.381
1.2 2 20 17 252.1 242.11 6.55 9.99 0.042 1.717 0.073 55.14
1.2 1 20 17 259.9 248.99 6.59 10.91 0.045 1.767 0.080 55.14
2.1 2 20 17 246.41 228.23 6.71 18.18 0.082 1.615 0.133 61.173
2.1 1 20 17 268.42 249.21 6.74 19.21 0.079 1.768 0.140 61.173
1.1 2 20 17 265.01 247.01 6.56 18 0.075 1.753 0.131 65.392
1.1 1 20 17 261.07 242.06 6.6 19.01 0.081 1.717 0.139 65.392
4.1 1 20 17 266.25 246.51 6.57 19.74 0.082 1.749 0.144 66.123
4.1 2 20 17 271.88 251.93 6.64 19.95 0.081 1.788 0.145 66.123
3.1 2 20 17 267.3 248.45 6.56 18.85 0.078 1.764 0.137 67.035
3.1 1 20 17 268.53 249.64 6.55 18.89 0.078 1.772 0.138 67.035
3.2 2 20 17 271.34 249.18 6.52 22.16 0.091 1.769 0.162 75.932
3.2 1 20 17 276.17 252.16 6.53 24.01 0.098 1.791 0.175 75.932
1.2 2 30 27 252.13 241.35 6.55 10.78 0.046 1.712 0.079 48.488
1.2 1 30 27 252.04 241.13 6.56 10.91 0.047 1.710 0.080 48.488
2.2 2 30 27 260.98 244.88 6.67 16.1 0.068 1.737 0.117 49.082
2.1 1 30 27 255.49 236.21 6.71 19.28 0.084 1.673 0.141 59.178
2.1 2 30 27 259.53 239.76 6.7 19.77 0.085 1.699 0.144 59.178
4.1 1 30 27 267.49 246.39 6.58 21.1 0.088 1.748 0.154 63.492
4.1 2 30 27 261.19 239.95 6.59 21.24 0.091 1.701 0.155 63.492
1.1 2 30 27 254.34 235.67 6.55 18.67 0.081 1.670 0.136 64.647
1.1 1 30 27 259.53 240.33 6.57 19.2 0.082 1.704 0.140 64.647
3.1 2 30 27 261.99 242.3 6.54 19.69 0.084 1.719 0.144 65.581
3.1 1 30 27 263.94 243.29 6.64 20.65 0.087 1.725 0.151 65.581
3.2 2 30 27 271.18 245.42 6.54 25.76 0.108 1.742 0.188 73.048
3.2 1 30 27 275.18 247.27 6.56 27.91 0.116 1.755 0.203 73.048
2.2 2 40 37 274.11 250.09 6.63 24.02 0.099 1.775 0.175 55.77
1.2 2 40 37 276.58 253.9 6.72 22.68 0.092 1.802 0.165 58.865
1.2 1 40 37 278.41 252.58 6.65 25.83 0.105 1.793 0.188 58.865
3.2 1 40 37 251.47 219.81 6.54 31.66 0.148 1.555 0.231 65.948
3.2 2 40 37 253.41 221.6 6.54 31.81 0.148 1.568 0.232 65.948
3.1 1 40 37 294.73 262.39 6.55 32.34 0.126 1.865 0.236 70.398
3.1 2 40 37 287.86 253.33 6.53 34.53 0.140 1.799 0.252 70.398
2.1 2 40 37 273.92 241.97 6.65 31.95 0.136 1.716 0.233 70.991
2.1 1 40 37 274.22 241.83 6.69 32.39 0.138 1.714 0.236 70.991
1.1 1 40 37 282.63 252.12 6.64 30.51 0.124 1.790 0.222 72.51
1.1 2 40 37 286.12 254.45 6.72 31.67 0.128 1.806 0.231 72.51
1.2 1 50 47 265.55 232.34 6.67 33.21 0.147 1.645 0.242 62.733
1.2 2 50 47 266.56 232.03 6.55 34.53 0.153 1.644 0.252 62.733
3.2 1 50 47 254.16 219 6.55 35.16 0.165 1.549 0.256 68.07
3.2 2 50 47 258.73 223.45 6.6 35.28 0.163 1.581 0.257 68.07
2.2 1 50 47 272.92 240.59 6.63 32.33 0.138 1.706 0.236 72.837
2.2 2 50 47 267 232.31 6.6 34.69 0.154 1.646 0.253 72.837
1.1 2 50 47 271.2 232.01 6.54 39.19 0.174 1.644 0.286 73.129
1.1 1 50 47 271.05 230.7 6.67 40.35 0.180 1.633 0.294 73.129
3.1 1 50 47 279.47 237.85 6.53 41.62 0.180 1.687 0.303 77.919
3.1 2 50 47 278.11 236.38 6.59 41.73 0.182 1.675 0.304 77.919
4.1 2 50 47 293.76 260.42 6.66 33.34 0.131 1.850 0.243 79.818
4.1 1 50 47 289.55 251.89 6.54 37.66 0.153 1.789 0.275 79.818
2.1 1 50 47 270.36 231.06 6.62 39.3 0.175 1.636 0.287 81.77
2.1 2 50 47 272.19 232.23 6.6 39.96 0.177 1.645 0.291 81.77
2.2 2 60 57 272.39 232.94 6.6 39.45 0.174 1.650 0.288 75.997
2.2 1 60 57 273.27 232.45 6.55 40.82 0.181 1.647 0.298 75.997
4.1 2 60 57 276.43 232.86 6.64 43.57 0.193 1.649 0.318 81.888
4.1 1 60 57 283.72 240.13 6.6 43.59 0.187 1.703 0.318 81.888
3.1 1 60 57 278.43 233.65 6.59 44.78 0.197 1.655 0.326 85.118
3.1 2 60 57 273.93 228.82 6.56 45.11 0.203 1.620 0.329 85.118
2.1 1 60 57 263.65 220.44 6.55 43.21 0.202 1.559 0.315 85.163
2.1 2 60 57 266.87 223.31 6.6 43.56 0.201 1.580 0.318 85.163
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Table B-4.  Sentek probe calibration data. 
 
Sensor Replicate Depth Dig Wet Dry Tin Water Graviometric Bulk Volumetric Raw Probe
Location Depth Mass Mass Mass Mass MC (dry basis) Density MC Count Reading
Record [cm] [cm] [g] [g] [g] [g] [g/g] [g/cm3] [cm3/cm3]
1 1 10 7 231.31 217.82 6.6 13.490 0.064 1.540 0.098 30797 6.473408
1 2 10 7 228.99 216.1 6.56 12.890 0.062 1.528 0.094 30797 6.473408
2 1 10 7 224.88 207.73 6.56 17.150 0.085 1.467 0.125 29806 10.18659
2 2 10 7 236.34 219.7 6.55 16.640 0.078 1.554 0.121 29806 10.18659
6 3 10 7 216.73 202.6 6.64 14.130 0.072 1.429 0.103 30184 11.31715
6 2 10 7 229.22 213.79 6.74 15.430 0.075 1.510 0.112 30183 11.32166
6 1 10 7 218.51 204.07 6.68 14.440 0.073 1.439 0.105 30182 11.32618
3 1 10 7 246.28 228.66 6.55 17.620 0.079 1.619 0.128 29140 13.26028
3 2 10 7 258.77 239.46 6.55 19.310 0.083 1.698 0.141 29140 13.26028
5 2 10 7 260.69 231.63 6.51 29.060 0.129 1.641 0.212 27708 21.5811
8 1 10 7 249.65 221.36 6.54 28.290 0.132 1.566 0.206 23704 21.60777
8 2 10 7 239.3 209.84 6.54 29.460 0.145 1.482 0.215 23704 21.60777
7 1 10 7 254.5 224.49 6.54 30.010 0.138 1.589 0.219 28670 22.75343
7 2 10 7 252.08 223.2 6.54 28.880 0.133 1.580 0.211 28670 22.75343
4 1 10 7 252.97 223.29 6.76 29.680 0.137 1.579 0.216 27522 22.8414
4 2 10 7 262.59 233.43 6.62 29.160 0.129 1.654 0.213 27522 22.8414
1 1 20 17 252.19 234.15 6.59 18.040 0.079 1.659 0.132 29994 10.3572
1 2 20 17 237.12 220.04 6.56 17.080 0.080 1.556 0.125 29994 10.3572
2 1 20 17 265.57 245.26 6.75 20.310 0.085 1.739 0.148 29092 14.59696
2 2 20 17 263.21 243.21 6.7 20.000 0.085 1.724 0.146 29092 14.59696
3 1 20 17 267.24 246.84 6.54 20.400 0.085 1.752 0.149 28891 15.66144
3 2 20 17 267.54 247.7 6.55 19.840 0.082 1.758 0.145 28891 15.66144
6 2 20 17 247.19 226.53 6.61 20.660 0.094 1.603 0.151 29095 16.08402
6 1 20 17 246.37 225.26 6.61 21.110 0.097 1.594 0.154 29094 16.08967
6 3 20 17 252.49 231.9 6.62 20.590 0.091 1.642 0.150 29094 16.08967
4 1 20 17 274.17 246.04 6.59 28.130 0.117 1.746 0.205 28015 20.8333
4 2 20 17 267.92 242.19 6.65 25.730 0.109 1.717 0.188 28015 20.8333
5 1 20 17 257.63 232.29 6.57 25.340 0.112 1.646 0.185 27646 23.27909
8 1 20 17 280.22 246.33 6.54 33.890 0.141 1.748 0.247 27555 23.40325
8 2 20 17 274.02 241.27 6.54 32.750 0.140 1.711 0.239 27555 23.40325
7 1 20 17 276.03 246.19 6.54 29.840 0.125 1.747 0.218 27292 26.21398
7 2 20 17 273.36 241.89 6.54 31.470 0.134 1.716 0.229 27292 26.21398
2 1 30 27 262.94 238.6 6.7 24.34 0.105 1.691 0.177 28704 18.42924
2 2 30 27 275.81 251.3 6.7 24.51 0.100 1.783 0.179 28704 18.42924
1 1 30 27 257.89 232.12 6.56 25.770 0.114 1.645 0.188 28649 18.76626
1 2 30 27 264.82 235.45 6.56 29.370 0.128 1.669 0.214 28649 18.76626
6 1 30 27 279.36 243.71 6.54 35.65 0.150 1.729 0.260 27970 19.86747
6 2 30 27 285.36 255.64 6.56 29.72 0.119 1.816 0.217 27968 19.88025
6 3 30 27 277.35 249.11 6.6 28.24 0.116 1.768 0.206 27968 19.88025
3 1 30 27 298.42 268.49 6.57 29.93 0.114 1.910 0.218 28216 21.54787
3 2 30 27 272.43 246.1 6.57 26.33 0.110 1.746 0.192 28216 21.54787
8 1 30 27 283.34 252.32 6.54 31.02 0.126 1.792 0.226 27804 24.40994
8 2 30 27 281.47 253.4 6.54 28.07 0.114 1.800 0.205 27804 24.40994
7 1 30 27 274.71 245.01 6.54 29.7 0.125 1.739 0.217 27926 24.43522
7 2 30 27 274.3 243.07 6.54 31.23 0.132 1.725 0.228 27926 24.43522
4 1 30 27 275.84 239.7 6.59 36.14 0.155 1.700 0.263 27767 24.67743
4 2 30 27 272.26 236.34 6.61 35.92 0.156 1.675 0.262 27767 24.67743
5 1 30 27 271.69 231.85 6.52 39.84 0.177 1.643 0.290 27213 28.89249
5 2 30 27 268.67 229.75 6.64 38.92 0.174 1.627 0.284 27213 28.89249
2 1 40 37 286.18 250.12 6.69 36.06 0.148 1.775 0.263 27652 23.01858
2 2 40 37 267.7 232 6.66 35.7 0.158 1.643 0.260 27652 23.01858
3 1 40 37 262.63 227.8 6.57 34.83 0.157 1.613 0.254 27575 23.54578
3 2 40 37 264.06 232.45 6.54 31.61 0.140 1.647 0.230 27575 23.54578
1 1 40 37 262.71 227 6.65 35.71 0.162 1.607 0.260 27499 24.07313
8 1 40 37 269.24 231.57 6.54 37.67 0.167 1.641 0.275 27456 24.37459
8 2 40 37 265.31 226.83 6.54 38.48 0.175 1.606 0.281 27456 24.37459
4 1 40 37 250.45 212.37 6.57 38.08 0.185 1.500 0.278 27455 24.38163
4 2 40 37 266.61 225.57 6.6 41.04 0.187 1.596 0.299 27455 24.38163
6 3 40 37 269.29 228.43 6.56 40.86 0.184 1.618 0.298 27285 24.41802
6 2 40 37 275.2 234.39 6.55 40.81 0.179 1.661 0.298 27283 24.43174
6 1 40 37 268.63 229.02 6.51 39.61 0.178 1.622 0.289 27282 24.43861
7 1 40 37 261.98 218.6 6.54 43.38 0.205 1.546 0.316 26803 30.56832
7 2 40 37 259.17 216.09 6.54 43.08 0.206 1.528 0.314 26803 30.56832
5 1 40 37 261.99 214.17 6.6 47.82 0.230 1.513 0.349 26399 32.50169
5 2 40 37 256.9 212.1 6.56 44.8 0.218 1.499 0.327 26399 32.50169
3 1 60 57 241.5 206.26 6.62 35.24 0.177 1.456 0.257 27594 22.28537
3 2 60 57 255.67 225.2 6.59 30.47 0.139 1.594 0.222 27594 22.28537
4 1 60 57 269.56 224.94 6.66 44.62 0.204 1.591 0.325 26868 27.49258
4 2 60 57 252.6 209.38 6.69 43.22 0.213 1.478 0.315 26868 27.49258
1 1 60 57 253.11 217.11 6.54 36 0.171 1.535 0.262 26716 28.66602
1 2 60 57 265.78 225.05 6.72 40.73 0.187 1.592 0.297 26716 28.66602
8 1 60 57 253.11 199.82 6.54 53.29 0.276 1.409 0.389 26384 31.3314
8 2 60 57 249.02 195.16 6.54 53.86 0.286 1.375 0.393 26384 31.3314
7 1 60 57 262.93 219.17 6.54 43.76 0.206 1.550 0.319 26132 34.5215
7 2 60 57 260.75 218.82 6.54 41.93 0.198 1.548 0.306 26132 34.5215
5 1 60 57 255.12 210.13 6.58 44.99 0.221 1.484 0.328 25938 35.13661
5 2 60 57 268.06 222.48 6.59 45.58 0.211 1.574 0.332 25938 35.13661
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Appendix C 
Instrumentation Design and Data Collection 
ALL SOFTWARE INSTALLATION INSTRUCTIONS 
 
1) INSTALL CAMPBELL LOGGER SOFTWARE 
a) Insert Campbell LoggerNet CD 
b) Click “Install the Software” 
c) Follow instructions to install 
 
2) ADD NEW COM PORT FOR IP ACCESS 
a) Insert DIGI CD 
b) To install COM Port: 
c) Click “Gateway, Host, Enterprise Documentation/Software” 
d) Click “Realport” 
e) Click “Realport setup (EXE)” 
f) Click “Add new device” 
g) Click once on the found device (in list containing an IP address) 
h) Note the COM port selected or select desirable COM and click “Finish” 
 
3) INSTALL DIGI X-CTU SOFTWARE 
a) On DIGI CD home screen 
b) Click “Gateway, Host, Enterprise Documentation/Software” 
c) To Change Addressing on the Radios: 
d) Click “X-CTU” 
e) Click “Install X-CTU (EXE)” 
f) Follow instructions to install software and select yes to update firmware 
when asked 
 
4) INSTALL DIGI DEVICE DISCOVERY SOFTWARE 
a) It may be helpful to have “Digi Device Discovery” if device IP changes: 
b) On DIGI CD 
c) Click “Gateway, Host, Enterprise Documentation/Software” 
d) Click “Gateways” 
e) Click “Configuration” 




INSTALLING DATALOGGER OPERATING SYSTEM AND PROGRAM 
 
1) OPERATING SYSTEM 
Go to Campbell Scientific webpage for CR510 Downloads: 
http://www.campbellsci.com/2_1206_14_1 
a) DOWNLOAD OPERATING SYSTEM 
i. Select the check box for “CR510-PB OS 1.10” under the 
“Datalogger Operating Systems & Compliers” section 
ii. Complete the information at the bottom of the page and select 
“Submit” 
iii. The Operating System download instructions will be emailed to 
the email provided. 
iv. Follow the download instructions and save the PakBus Operating 
System file to hardrive. 
b) INSTALL LOGGER OPERATING SYSTEM 
i. Select “Download Now” under the “Utilities” section and Save to 
Desktop 
ii. Install the program as directed. 
iii. Select CR510-PB under the Device Type section and connect the 
logger to the serial port of the computer (COM1).  Note that the 
logger must have power. 
iv. Select connect and wait for connection to be established. 
v. If connected to the Grass lysimeter logger, select a PakBus 
Address of 2.  For the cotton lysimeter logger select an address of 
1. 
vi. Select the serial number of the logger.  The grass lysimeter has an 
address of 2416 while the cotton logger has an address of 2417.   
vii. Select the “Send OS” tab and click the “Start” button at the bottom 
of the page. 
viii. Navigate to the saved location of the logger PakBus operating 
system as downloaded in step a.  
ix. Repeat for other logger. 
 
2) DATALOGGER PROGRAM 
a) Open LoggerNet3.4.1 
b) Click the “Edlog” button 
c) Click File>New and select the last option “CR510-TD and CR510-PB” for 
the “PakBus” operating system 




*Table 1 Program 
  01: 3600.000  Execution Interval (seconds) 
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1:  Batt Voltage (P10) 
 1: 1        Loc [ Batt_V         ] 
 
2:  Volt (Diff) (P2) 
 1: 1        Reps 
 2: 23       25 mV 60 Hz Rejection Range 
 3: 1        DIFF Channel 
 4: 2        Loc [ mv_gl          ] 
 5: 1.0      Multiplier 
 6: 0.0      Offset 
 
3:  Z=X*F (P37) 
 1: 2        X Loc [ mv_gl          ] 
 2: 539.44   F 
 3: 3        Z Loc [ lbs_gl         ] 
 
4:  Z=X+F (P34) 
 1: 3        X Loc [ lbs_gl         ] 
 2: -3.954   F 
 3: 3        Z Loc [ lbs_gl         ] 
 
5:  Volt (Diff) (P2) 
 1: 1        Reps 
 2: 25       2500 mV 60 Hz Rejection Range 
 3: 2        DIFF Channel 
 4: 4        Loc [ mv_pan         ] 
 5: 1.0      Multiplier 
 6: 0.0      Offset 
 
 
6:  Z=X*F (P37) 
 1: 4        X Loc [ mv_pan         ] 
 2: 0.001    F 
 3: 5        Z Loc [ cm_pan         ] 
 
 
7:  Z=X*F (P37) 
 1: 5        X Loc [ cm_pan         ] 
 2: 14.015   F 
 3: 5        Z Loc [ cm_pan         ] 
 
8:  Z=X+F (P34) 
 1: 5        X Loc [ cm_pan         ] 
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 2: -8.8399  F 
 3: 5        Z Loc [ cm_pan         ] 
 
9:  Data Table (P84)^30208 
 1: 3600     Seconds into Interval 
 2: 0        Each Time This Instruction Executes (with Time 
Stamp) 
 3: 0        (0 = auto allocate, -x = redirect to inloc x) 
 4: Grass_Pan                 Table Name 
 
10:  Resolution (P78) 
 1: 1        High Resolution 
 
11:  Sample (P70)^5403 
 1: 1        Reps 
 2: 1        Loc [ Batt_V         ] 
 
12:  Sample (P70)^13389 
 1: 1        Reps 
 2: 2        Loc [ mv_gl          ] 
 
13:  Sample (P70)^17076 
 1: 1        Reps 
 2: 3        Loc [ lbs_gl         ] 
 
14:  Sample (P70)^27684 
 1: 1        Reps 
 2: 4        Loc [ mv_pan         ] 
 
15:  Sample (P70)^13727 
 1: 1        Reps 
 2: 5        Loc [ cm_pan         ] 
 
*Table 2 Program 
  02: 0         Execution Interval (seconds) 
 









*Table 1 Program 
  01: 3600.000  Execution Interval (seconds) 
 
1:  Batt Voltage (P10) 
 1: 1        Loc [ Batt_V         ] 
 
2:  Volt (Diff) (P2) 
 1: 1        Reps 
 2: 23       25 mV 60 Hz Rejection Range 
 3: 1        DIFF Channel 
 4: 2        Loc [ mv_cl          ] 
 5: 1.0      Multiplier 
 6: 0.0      Offset 
 
3:  Z=X*F (P37) 
 1: 2        X Loc [ mv_cl          ] 
 2: 545.77   F 
 3: 3        Z Loc [ lbs_cl         ] 
 
4:  Z=X+F (P34) 
 1: 3        X Loc [ lbs_cl         ] 
 2: -37.96   F 
 3: 3        Z Loc [ lbs_cl         ] 
 
5:  Data Table (P84)^30208 
 1: 3600     Seconds into Interval 
 2: 0        Each Time This Instruction Executes (with Time 
Stamp) 
 3: 0        (0 = auto allocate, -x = redirect to inloc x) 
 4: Cotton                    Table Name 
 
6:  Resolution (P78) 
 1: 1        High Resolution 
 
7:  Sample (P70)^5403 
 1: 1        Reps 
 2: 1        Loc [ Batt_V         ] 
 
8:  Sample (P70)^32091 
 1: 1        Reps 
 2: 2        Loc [ mv_cl          ] 
 
9:  Sample (P70)^13258 
 1: 1        Reps 
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 2: 3        Loc [ lbs_cl         ] 
 
*Table 2 Program 
  02: 0         Execution Interval (seconds) 
 






SETTING UP DATALOGGER PARAMETERS AND CONTROLS 
 
1) Open LoggerNet 
2) Select the “Setup” button 
a. Select “Add Root” 
b. Select “ComPort” 
c. Select “PakBusPort (Other Loggers)” 
d. Select “CR510PB” 
3) Select the “ComPort” heading in the list on the left 
a. Under the “Hardware” tab and “ComPort Connection” section, select the 
appropriate ComPort as determined by the RealPort software program.  
(Com15 on EREC Dell XFR D630) 
b. Leave all other parameters default to 0 
4) Select the “PakBusPort” heading 
a. Under the “Hardware” tab, decrease the “Beacon Interval” to 00h00m00s 
b. Leave all other parameters as default 
5) Select the “CR510PB” heading on the left  
a. click “Rename” at the top and type “Grass_Pan” 
b. Under the “Hardware” tab, beside “PakBus Address” type “2” 
c. The “Maximum Packet Size” should be set to “87” and the “security Code 
and Delay Hangup” left as 0. 
d. Click the “Program” Tab at the top right and click “Send” 
e. Navigate to the Grass program (C>Campbellsci>LoggerNet>grass) and 
click OK if asked. 
6) Click on “PakBusPort” and select “Add” with the green cross at the top of the 
screen. 
a. Select “CR510PB” 
b. click “Rename” at the top and type “Cotton” 
c. Under the “Hardware” tab, beside “PakBus Address” type “1” 
d. The “Maximum Packet Size” should be set to “87” and the “security Code 
and Delay Hangup” left as 0. 
e. Click the “Program” Tab at the top right and click “Send” 
f. Navigate to the Cotton program (C>Campbellsci>LoggerNet>cotton) and 




SETTING UP WIRELESS SYSTEM PARAMETERS 
 
1) PROGRAMMING BASE RADIO 
a) Attach powered interface board and RF module with RPSMA type 
antenna connection to RS-232 port on computer via Serial cable 
b) Open X-CTU 
c) Select appropriate COM port (Normally COM 1 with Serial port on 
computer) 
d) Select “Modem Configuration” tab at the top of the window 
e) Under “Modem: “, select “XBP24-ZB” 
f) Under “Function Set”, select “ZIGBEE COORDINATOR AT” 
g) Under “Version, “ select “2041” 
h) Under the “Serial Interfacing” folder, click “Packetization Timeout” and 
type 0 
i) Select the check box next to “Always Update firmware” so that it is 
checked 
j) Click, “Write” and wait for text at bottom of the window to display 
“Complete” 
k) In the “Addressing” folder, record the number/letter combination to the 
left of “SH-Serial Number High” and “SL-Serial Number Low” to be used 
later.  In this case, the SH=13A200 and SL=404B09CA 
 
2) PROGRAMMING GRASS LYSIMETER RADIO 
a) Attach powered interface board and RF module with attached Monopole 
Whip to RS-232 port on computer via Serial cable 
b) Open X-CTU 
c) Select appropriate COM port (Normally COM 1 with Serial port on 
computer) 
d) Select “Modem Configuration” tab at the top of the window 
e) Under “Modem: “, select “XBP24-ZB” 
f) Under “Function Set”, select “ZIGBEE ROUTER AT” 
g) Under “Version, “ select “2241” 
h) Under the “Serial Interfacing” folder, click “Packetization Timeout” and 
type 0 
i) Select the check box next to “Always Update firmware” so that it is 
checked 
j) In the “Addressing” folder, click on “DH-Destination Address High” and 
type the SH that was recorded from the coordinator radio.  Click “DL-
Destination Address Low” and type the SL that was recorded from the 
coordinator radio. 
k) Click, “Write” and wait for text at bottom of the window to display 
“Complete” 
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l) In the “Addressing” folder, record the number/letter combination to the 
left of “SH-Serial Number High” and “SL-Serial Number Low” to be used 
later.  In this case, the SH=13A200 and SL=402C0E82 
 
3) PROGRAMMING COTTON LYSIMETER RADIO 
a) Attach powered interface board and XBee RF module with dipole antenna 
to RS-232 port on computer via Serial cable 
b) Open X-CTU 
c) Select appropriate COM port (Normally COM 1 with Serial port on 
computer) 
d) Select “Modem Configuration” tab at the top of the window 
e) Under “Modem: “, select “XB24-ZB” 
f) Under “Function Set”, select “ZIGBEE END DEVICE AT” 
g) Under “Version, “ select “2841” 
h) Under the “Serial Interfacing” folder, click “Packetization Timeout” and 
type 0 
i) Select the check box next to “Always Update firmware” so that it is 
checked 
j) In the “Addressing” folder, click on “DH-Destination Address High” and 
type the SH that was recorded from the coordinator radio.  Click “DL-
Destination Address Low” and type the SL that was recorded from the 
coordinator radio. 
k) Click, “Write” and wait for text at bottom of the window to display 
“Complete” 
l) In the “Addressing” folder, record the number/letter combination to the 
left of “SH-Serial Number High” and “SL-Serial Number Low” to be used 




SETTING UP WIRELESS SYSTEM HARDWARE 
 
4) BASE RADIO AND ETHERNET GATEWAY 
a) Plug the ConnectPort in with 120V and an Ethernet, CAT 5 cable from 
wall receptacle 
b) Use a RS-232 (Serial) cable to attach the interface board with RPSMA RF 
modem to the RS-232 port on the ConnectPort X4. 
c) Attach the antenna coax cable to the RF module.  These components were 
mounted indoors in a closed box and the coax cable run through the wall 
to a pole outdoors for mounting the antenna. 
d) Mount the Yagi directional antenna high (20 ft at EREC) so that it is 
facing the router (grass lysimeter) radio modem.  
 
5) GRASS LYSIMETER RADIO 
a) Using the 12V supply from the battery/solar supply at the lysimeter, the 
board/RF modem was connected to the 12V supply and the RS-232 
connected to the “CS I/O” port in the logger via a SC32A or SC32B 
Optically Isolated RS-232 Interface Device. 
b) The device was mounted in a water tight box as seen in the paper and 
mounted with the face of the antenna board facing perpendicular to the 
Yagi directional antenna at the base station. 
 
6) COTTON LYSIMETER RADIO 
a) Using the 12V supply from the battery/solar supply at the lysimeter, the 
board/RF modem was connected to the 12V supply and the RS-232 
connected to the “CS I/O” port in the logger via a SC32A or SC32B 
Optically Isolated RS-232 Interface Device. 
b) The device was mounted in a water tight box as seen in the paper so that 




TO DOWNLOAD DATA FROM LOGGERS 
 
1) On computer with software installed, Open “X-CTU” 
2) Select Proper COM port as noted/initiated by DIGI Realport 
3) Click the “Modem Configuration” Tab 
4) Click “Read” button 
 
a) To download data from the Grass Lysimeter Logger: 
i. In the “Addressing” folder, click “DH” and type the “SH” recorded 
for the grass lysimeter radio.  Next, click “DL” and type the “SL” 
recorded for the grass lysimeter radio.  In the case at Edisto REC it 
will be 13A200 and 402C0E82 respectively. 
ii. Click “Write” at the top of the window and wait until the process is 
“Complete” 
b) OR To download data from the Cotton Lysimeter Logger: 
i. In the “Addressing” folder, click “DH” and type the “SH” recorded 
for the cotton lysimeter radio.  Next, click “DL” and type the “SL” 
recorded for the cotton lysimeter radio.  In the case at Edisto REC 
it will be 13A200 and 404A4BA1 respectively.  Not that in this 
case, the SH does not change both the grass and cotton lysimeter 
radios so this parameter does not have to be changed for 
subsequent downloads. 
ii. Click “Write” at the top of the window and wait until the process is 
“Complete” 
 
5) Open the Campbell Scientific program LoggerNet 
6) Under the “Stations” list on the left, select the station that the coordinator radio 
has been addressed to communicate with as in Step 4: Either the “Grass_Pan” or 
“Cotton” location. 
7) Click Connect 
8) Select “Set Station Clock” on the right side of the window to ensure the logger 
clock is at the correct time.  Click the button “Collect Now” in the top middle of 
the window. 
9) Upon completion of download, click “OK” 
10) Repeat the previous steps beginning at step 4 to download the other loggers‟ data. 
11) The data file has been placed in the following path:  
C>Campbellsci>LoggerNet>”Cotton_Cotton.dat” or “Grass_Pan_Grass_Pan.dat” 
12) To Obtain the data, open Microsoft Excel 
13) Open the “COTTON” or GRASS” file; noting that the “Files of Type” must be 
changed to “All Files” 
14) A text import wizard will appear, click “Next” 
15) Under “Delimiters,” Select Comma only since it is a comma delimited file and 
click “Next” 
16) Click “Finish”  
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1) A wired network connection must be established (Wireless connections are on 
another network and will not work) 
 
2) A permanent IP address was obtained for the system at Edisto REC through the 
Clemson Computing and Information Technology (CCIT) Department 
(172.19.170.28).  Make sure the ConnectPort X4 is on this IP address with the 
Digi Device discovery device. 
 
3) TOO MANY CONNECTIONS 
a) After several downloads, the ConnectPort will make several connections 
that will remain open and must be closed before proper operation. 
b) To fix this, open “DIGI Device Discovery” and the Device and IP address 
should appear in the window.   
c) Click “Open Web Interface” 
d) The Internet Program will open up and display the parameters of the 
Connect port device. 
e) Under the “Management” section on the left side of the screen, select 
“Connections” and a new page will be opened.  If there are multiple check 
boxes under “Action” of the “Active System Connections” section, select 
each check box and click disconnect.  This will take a few minutes and 




Lysimeter and Pan Calibrations 
 
Table D-1.  Pan Calibration Data.
 
 
Table D-2.  Cotton Lysimeter calibration. 
 
 
Depth on Ruler Depth on Ruler Depth of Water Voltage Output
[mm] [cm] [cm] [VDC]
-10 -1 0 0.6054
10 1 2 0.7759
21 2.1 3.1 0.8556
31 3.1 4.1 0.93
41 4.1 5.1 1.002
51 5.1 6.1 1.069
73 7.3 8.3 1.232
91 9.1 10.1 1.352
101 10.1 11.1 1.425
121 12.1 13.1 1.563
144 14.4 15.4 1.727
160 16 17 1.848
180 18 19 1.99
190 19 20 2.055
202 20.2 21.2 2.142
212 21.2 22.2 2.217
222 22.2 23.2 2.284




































































ET Data Analysis 
 




Date Days Pan Water Change Rainfall Rainfall Pan Water Pan Water Actual Pan
After Level Water Level Added Subtracted Evapo. [Ep]
Planting (cm) (cm) (in) (cm) (cm) (cm) (cm)
12-Jun 10 18.669 0.441 0.000 0 0 -0.441
13-Jun 11 19.110 -0.735 0.000 0 0 0.735
14-Jun 12 18.375 -0.754 0.000 0 0 0.754
15-Jun 13 17.622 -0.665 0.000 0 0 0.665
16-Jun 14 16.957 -0.875 0.000 0 0 0.875
17-Jun 15 16.081 4.187 0.000 4.5 0 0.313
18-Jun 16 20.268 0.477 0.32 0.813 0 0 0.336
19-Jun 17 20.745 -0.060 0.000 0 0 0.060
20-Jun 18 20.686 -1.020 0.000 0 0 1.020
21-Jun 19 19.666 -0.791 0.000 0 0 0.791
22-Jun 20 18.874 -0.791 0.000 0 0 0.791
22-Jun 20 18.874 -0.791 0.000 0 0 0.791
23-Jun 21 18.083 -0.895 0.000 0 0 0.895
24-Jun 22 17.188 4.125 0.495 1.257 3.5 0 0.632
25-Jun 23 21.314 -0.798 0.000 0 0 0.798
26-Jun 24 20.516 -0.903 0.000 0 0 0.903
27-Jun 25 19.613 -0.899 0.000 0 0 0.899
28-Jun 26 18.715 -0.864 0.000 0 0 0.864
29-Jun 27 17.850 -1.009 0.000 0 0 1.009
30-Jun 28 16.841 3.507 0.000 4.7 0 1.193
1-Jul 29 20.348 -1.080 0.000 0 0 1.080
2-Jul 30 19.267 -1.339 0.000 0 0 1.339
3-Jul 31 17.928 -0.911 0.000 0 0 0.911
4-Jul 32 17.018 -0.795 0.000 0 0 0.795
5-Jul 33 16.223 3.660 1.045 2.654 0 0 -1.005
6-Jul 34 19.883 0.452 0.12 0.305 0 0 -0.147
7-Jul 35 20.335 -0.605 0.01 0.025 0 0 0.631
8-Jul 36 19.729 0.754 0.48 1.219 0 0 0.465
9-Jul 37 20.484 0.695 0.54 1.372 0 0 0.677
10-Jul 38 21.178 -0.664 0.000 0 0 0.664
11-Jul 39 20.514 -0.815 0.000 0.2 0 1.015
12-Jul 40 19.699 -0.840 0.000 0 0 0.840
13-Jul 41 18.860 -0.569 0.02 0.051 0 0 0.620
14-Jul 42 18.290 -0.731 0.000 0 0 0.731
15-Jul 43 17.559 -0.710 0.000 0 0 0.710
16-Jul 44 16.849 3.566 1.13 2.870 0 0 -0.695
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17-Jul 45 20.415 -0.600 0.08 0.203 0 0 0.803
18-Jul 46 19.815 -0.875 0.000 0 0 0.875
19-Jul 47 18.940 -0.716 0.000 0 0 0.716
20-Jul 48 18.224 -0.631 0.000 0 0 0.631
21-Jul 49 17.593 -0.236 0.095 0.241 0 0 0.477
22-Jul 50 17.357 -0.697 0.000 0 0 0.697
23-Jul 51 16.660 0.982 0.6 1.524 0 0 0.542
24-Jul 52 17.642 -0.670 0.000 0 0 0.670
25-Jul 53 16.972 -0.810 0.000 0 0 0.810
26-Jul 54 16.161 -0.740 0.000 0 0 0.740
27-Jul 55 15.421 4.998 0.15 0.381 0 0 -4.617
28-Jul 56 20.420 -0.726 0.000 0 0 0.726
29-Jul 57 19.694 0.085 0.13 0.330 0 0 0.245
30-Jul 58 19.779 0.716 0.45 1.143 0 0 0.427
31-Jul 59 20.495 -0.621 0.000 0 0 0.621
1-Aug 60 19.874 -0.453 0.000 0 0 0.453
2-Aug 61 19.421 -0.151 0.035 0.089 0 0 0.240
3-Aug 62 19.270 -0.414 0.03 0.076 0 0 0.491
4-Aug 63 18.856 -0.728 0.000 0 0 0.728
5-Aug 64 18.128 -0.535 0.06 0.152 0 0 0.688
6-Aug 65 17.593 -0.562 0.000 0 0 0.562
7-Aug 66 17.030 -0.737 0.000 0 0 0.737
8-Aug 67 16.293 -0.650 0.000 0 0 0.650
9-Aug 68 15.643 4.418 0.000 5.7 0 1.282
10-Aug 69 20.061 -0.800 0.000 0 0 0.800
11-Aug 70 19.261 -0.551 0.015 0.038 0 0 0.589
12-Aug 71 18.710 1.540 0.53 1.346 0 0 -0.194
13-Aug 72 20.250 -0.551 0.000 0 0 0.551
14-Aug 73 19.699 0.763 0.58 1.473 0 0 0.710
15-Aug 74 20.462 -0.560 0.000 0 0 0.560
16-Aug 75 19.902 -0.462 0.000 0 0 0.462
17-Aug 76 19.440 1.425 0.000 1.7 0 0.275
18-Aug 77 20.864 -0.513 0.000 0 0 0.513
19-Aug 78 20.351 -0.497 0.000 0 0 0.497
20-Aug 79 19.854 -0.763 0.000 0 0 0.763
21-Aug 80 19.091 -0.499 0.08 0.203 0 0 0.702
22-Aug 81 18.592 -0.697 0.000 0 0 0.697
23-Aug 82 17.895 -0.771 0.000 0 0 0.771
24-Aug 83 17.124 -0.675 0.000 0 0 0.675
25-Aug 84 16.449 -0.467 0.000 0 0 0.467
26-Aug 85 15.982 4.399 0.000 5.1 0 0.701
27-Aug 86 20.382 -0.081 0.04 0.102 0 0 0.182
28-Aug 87 20.301 -0.202 0.02 0.051 0 0 0.252
29-Aug 88 20.099 -0.625 0.000 0 0 0.625
30-Aug 89 19.474 0.013 0.23 0.584 0 0 0.572





1-Sep 91 19.053 -0.370 0.000 0 0 0.370
2-Sep 92 18.683 -0.713 0.000 0 0 0.713
3-Sep 93 17.970 -0.774 0.000 0 0 0.774
4-Sep 94 17.196 -0.650 0.000 0 0 0.650
5-Sep 95 16.546 -0.649 0.000 0 0 0.649
6-Sep 96 15.897 -0.891 0.000 0 0 0.891
7-Sep 97 15.006 -0.630 0.000 0 0 0.630
8-Sep 98 14.375 5.545 0.000 6.2 0 0.655
9-Sep 99 19.920 0.882 0.5762 1.464 0 0 0.581
10-Sep 100 20.803 0.297 0.2738 0.695 0 0 0.398
11-Sep 101 21.100 -0.520 0.000 0 0 0.520
12-Sep 102 20.580 -0.514 0.000 0 0 0.514
13-Sep 103 20.066 -0.550 0.000 0 0 0.550
14-Sep 104 19.517 -0.540 0.000 0 0 0.540
15-Sep 105 18.976 -0.582 0.000 0 0 0.582
16-Sep 106 18.395 -0.603 0.000 0 0 0.603
17-Sep 107 17.791 0.661 0.22 0.559 0 0 -0.102
18-Sep 108 18.452 1.603 0.8 2.032 0 0 0.429
19-Sep 109 20.056 -0.609 0.000 0 0 0.609
20-Sep 110 19.447 3.044 1.03 2.616 0 0 -0.428
21-Sep 111 22.491 -0.469 0.000 0 0 0.469
22-Sep 112 22.022 -0.711 0.000 0 0 0.711
23-Sep 113 21.311 0.433 0.2 0.508 0 0 0.075
24-Sep 114 21.744 -0.533 0.000 0 0 0.533
25-Sep 115 21.211 -0.567 0.000 0 0 0.567
26-Sep 116 20.644 0.905 0.33 0.838 0 0 -0.067
27-Sep 117 21.549 -0.883 0.000 0 0 0.883
28-Sep 118 20.665 -0.472 0.000 0 0 0.472
29-Sep 119 20.193 -0.984 0.000 0 0 0.984
30-Sep 120 19.209 -0.552 0.000 0 0 0.552
1-Oct 121 18.657 -0.368 0.000 0 0 0.368
2-Oct 122 18.289 -0.216 0.000 0 0 0.216
3-Oct 123 18.073 -0.610 0.000 0 0 0.610
4-Oct 124 17.463 -0.238 0.02 0.051 0 0 0.289
5-Oct 125 17.225 3.092 1.07 2.718 0 0 -0.374
6-Oct 126 20.317 -0.048 0.000 0 0 0.048
7-Oct 127 20.269 -0.273 0.01 0.025 0 0 0.298
8-Oct 128 19.996 -0.693 0.000 0 0 0.693
9-Oct 129 19.303 -0.273 0.000 0 0 0.273
10-Oct 130 19.030 -0.443 0.000 0 0 0.443
11-Oct 131 18.587 -0.448 0.000 0 0 0.448
12-Oct 132 18.139 2.093 0.82 2.083 0 0 -0.010
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Table E-2.  Lysimeter data analysis setup
 
Rain Rain Cotton Cotton Cotton D Weight Weight Change Change Etc Etc
Pump Pump Add/Sub A Cotton Lys Cotton Lys Wt Depth (-) (+)
(in) (mm) (gal) (mm) (mm) P (lbs) (kg) (kg) (mm) (mm) (mm)
0 0 0 6/2/2009 0:00
0 0 1 6/3/2009 0:00
0.74 18.796 0 2 6/4/2009 0:00
0.17 4.318 0 3 6/5/2009 0:00
0 0 4 6/6/2009 0:00
0 0 5 6/7/2009 0:00
0 0 6 6/8/2009 0:00
0 0 7 6/9/2009 0:00
0 0 12.7 8 6/10/2009 0:00
0 0 9 6/11/2009 0:00
0 0 10 6/12/2009 0:00 6215.606 2821.885 -1.476 -1.476 -1.476 1.476
0 0 11 6/13/2009 0:00 6212.355 2820.409 -8.281 -8.281 -8.281 8.281
0 0 12 6/14/2009 0:00 6194.114 2812.128 -3.858 -3.858 -3.858 3.858
0 0 13 6/15/2009 0:00 6185.616 2808.270 -5.955 -5.955 -5.955 5.955
0 0 14 6/16/2009 0:00 6172.500 2802.315 -4.716 -4.716 -4.716 4.716
0 0 15 6/17/2009 0:00 6162.112 2797.599 -0.113 -0.113 -0.113 0.113
0.32 8.128 0 16 6/18/2009 0:00 6161.863 2797.486 4.807 4.807 -3.321 3.321
0 0 6.35 17 6/19/2009 0:00 6172.451 2802.293 -0.751 -0.751 -7.101 7.101
0 0 18 6/20/2009 0:00 6170.796 2801.541 -1.710 -1.710 -1.710 1.710
0 0 19 6/21/2009 0:00 6167.029 2799.831 -3.178 -3.178 -3.178 3.178
0 0 12.7 20 6/22/2009 0:00 6160.030 2796.654 8.171 8.171 -4.529 4.529
0 0 12.7 21 6/23/2009 0:00 6178.028 2804.825 16.620 16.620 3.920 -3.920
0.495 12.573 0 22 6/24/2009 0:00 6214.635 2821.444 9.236 9.236 -3.337 3.337
0 0 23 6/25/2009 0:00 6234.978 2830.680 -5.833 -5.833 -5.833 5.833
0 0 24 6/26/2009 0:00 6222.131 2824.847 -5.076 -5.076 -5.076 5.076
0 0 25 6/27/2009 0:00 6210.951 2819.772 -4.095 -4.095 -4.095 4.095
0 0 26 6/28/2009 0:00 6201.932 2815.677 -5.252 -5.252 -5.252 5.252
0 0 27 6/29/2009 0:00 6190.364 2810.425 -7.243 -7.243 -7.243 7.243
0 0 28 6/30/2009 0:00 6174.410 2803.182 -6.177 -6.177 -6.177 6.177
0 0 12.7 29 7/1/2009 0:00 6160.805 2797.005 4.451 4.451 -8.249 8.249
0 17 64.345 30 7/2/2009 0:00 6170.610 2801.457 -70.967 -70.967 -6.622 6.622
0 0 31 7/3/2009 0:00 6014.294 2730.489 -5.226 -5.226 -5.226 5.226
0 0 32 7/4/2009 0:00 6002.784 2725.264 -2.976 -2.976 -2.976 2.976
1.045 26.543 0 33 7/5/2009 0:00 5996.228 2722.288 37.617 37.617 11.074 -11.074
0.12 3.048 0 34 7/6/2009 0:00 6079.085 2759.905 3.528 3.528 0.480 -0.480
0.01 0.254 9 34.065 -1.362 35 7/7/2009 0:00 6086.855 2763.432 -41.156 -41.156 -5.983 5.983
0.48 12.192 0 36 7/8/2009 0:00 5996.202 2722.276 8.012 8.012 -4.180 4.180
0.54 13.716 0 37 7/9/2009 0:00 6013.850 2730.288 6.067 6.067 -7.649 7.649
0 0 38 7/10/2009 0:00 6027.213 2736.355 -5.773 -5.773 -5.773 5.773
0 0 39 7/11/2009 0:00 6014.498 2730.582 -7.347 -7.347 -7.347 7.347
0 0 40 7/12/2009 0:00 5998.315 2723.235 -7.814 -7.814 -7.814 7.814
0.02 0.508 0 41 7/13/2009 0:00 5981.103 2715.421 -4.066 -4.066 -4.574 4.574
0 0 42 7/14/2009 0:00 5972.147 2711.355 -6.969 -6.969 -6.969 6.969
0 0 43 7/15/2009 0:00 5956.797 2704.386 -9.632 -9.632 -9.632 9.632
1.13 28.702 0 44 7/16/2009 0:00 5935.582 2694.754 45.080 45.080 16.378 -16.378
0.08 2.032 0 45 7/17/2009 0:00 6034.878 2739.835 -6.368 -6.368 -8.400 8.400
0 0 46 7/18/2009 0:00 6020.852 2733.467 -11.715 -11.715 -11.715 11.715
0 0 47 7/19/2009 0:00 5995.048 2721.752 -8.972 -8.972 -8.972 8.972
0 0 48 7/20/2009 0:00 5975.285 2712.779 -8.187 -8.187 -8.187 8.187
0.095 2.413 0 49 7/21/2009 0:00 5957.253 2704.593 -5.660 -5.660 -8.073 8.073
0 0 50 7/22/2009 0:00 5944.785 2698.932 -7.053 -7.053 -7.053 7.053
0.6 15.24 0 51 7/23/2009 0:00 5929.250 2691.880 2.442 2.442 -12.798 12.798
0 0 52 7/24/2009 0:00 5934.628 2694.321 -9.322 -9.322 -9.322 9.322
0 0 53 7/25/2009 0:00 5914.095 2684.999 -11.375 -11.375 -11.375 11.375
0 0 54 7/26/2009 0:00 5889.039 2673.624 -8.983 -8.983 -8.983 8.983
0.15 3.81 0 55 7/27/2009 0:00 5869.253 2664.641 -3.997 -3.997 -7.807 7.807
0 0 56 7/28/2009 0:00 5860.449 2660.644 -4.885 -4.885 -4.885 4.885
0.13 3.302 0 57 7/29/2009 0:00 5849.690 2655.759 1.254 1.254 -2.048 2.048
0.45 11.43 0 58 7/30/2009 0:00 5852.453 2657.014 6.887 6.887 -4.543 4.543
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0 0 59 7/31/2009 0:00 5867.622 2663.900 -8.062 -8.062 -8.062 8.062
0 0 60 8/1/2009 0:00 5849.864 2655.838 -6.165 -6.165 -6.165 6.165
0.035 0.889 0 61 8/2/2009 0:00 5836.284 2649.673 -3.623 -3.623 -4.512 4.512
0.03 0.762 0 62 8/3/2009 0:00 5828.304 2646.050 -6.879 -6.879 -7.641 7.641
0 4 15.14 63 8/4/2009 0:00 5813.151 2639.171 -24.422 -24.422 -9.282 9.282
0.06 1.524 0 64 8/5/2009 0:00 5759.357 2614.748 -4.767 -4.767 -6.291 6.291
0 0 65 8/6/2009 0:00 5748.856 2609.981 -10.610 -10.610 -10.610 10.610
0 0 66 8/7/2009 0:00 5725.485 2599.370 -8.948 -8.948 -8.948 8.948
0 0 67 8/8/2009 0:00 5705.776 2590.422 -19.262 -19.262 -19.262 19.262
0 0 68 8/9/2009 0:00 5663.349 2571.160 4.224 4.224 4.224 -4.224
0 0 69 8/10/2009 0:00 5672.653 2575.384 -9.436 -9.436 -9.436 9.436
0.015 0.381 0 70 8/11/2009 0:00 5651.869 2565.949 -26.613 -26.613 -26.994 26.994
0.53 13.462 0 71 8/12/2009 0:00 5593.251 2539.336 27.159 27.159 13.697 -13.697
0 0 72 8/13/2009 0:00 5653.073 2566.495 3.643 3.643 3.643 -3.643
0.58 14.732 0 73 8/14/2009 0:00 5661.098 2570.138 9.704 9.704 -5.028 5.028
0 0 74 8/15/2009 0:00 5682.472 2579.842 -6.835 -6.835 -6.835 6.835
0 0 75 8/16/2009 0:00 5667.417 2573.007 -4.924 -4.924 -4.924 4.924
0 0 76 8/17/2009 0:00 5656.571 2568.083 -2.048 -2.048 -2.048 2.048
0 0 77 8/18/2009 0:00 5652.059 2566.035 -7.296 -7.296 -7.296 7.296
0 0 78 8/19/2009 0:00 5635.988 2558.739 -5.285 -5.285 -5.285 5.285
0 0 79 8/20/2009 0:00 5624.346 2553.453 -8.984 -8.984 -8.984 8.984
0.08 2.032 0 80 8/21/2009 0:00 5604.557 2544.469 -6.052 -6.052 -8.084 8.084
0 0 81 8/22/2009 0:00 5591.226 2538.417 -7.308 -7.308 -7.308 7.308
0 0 82 8/23/2009 0:00 5575.128 2531.108 -6.547 -6.547 -6.547 6.547
0 0 83 8/24/2009 0:00 5560.708 2524.561 -6.766 -6.766 -6.766 6.766
0 0 84 8/25/2009 0:00 5545.805 2517.795 -5.174 -5.174 -5.174 5.174
0 0 11.355 85 8/26/2009 0:00 5534.408 2512.621 8.855 8.855 -2.500 2.500
0.04 1.016 0 86 8/27/2009 0:00 5553.912 2521.476 -0.454 -0.454 -1.470 1.470
0.02 0.508 0 87 8/28/2009 0:00 5552.911 2521.022 -3.626 -3.626 -4.134 4.134
0 0 22.71 88 8/29/2009 0:00 5544.925 2517.396 14.217 14.217 -8.493 8.493
0.23 5.842 0 89 8/30/2009 0:00 5576.240 2531.613 -1.264 -1.264 -7.106 7.106
0 0 90 8/31/2009 0:00 5573.455 2530.349 -4.068 -4.068 -4.068 4.068
0 0 91 9/1/2009 0:00 5564.494 2526.280 -3.700 -3.700 -3.700 3.700
0 0 92 9/2/2009 0:00 5556.345 2522.581 -6.026 -6.026 -6.026 6.026
0 0 93 9/3/2009 0:00 5543.072 2516.555 -5.612 -5.612 -5.612 5.612
0 0 94 9/4/2009 0:00 5530.710 2510.942 -5.712 -5.712 -5.712 5.712
0 0 95 9/5/2009 0:00 5518.128 2505.230 -5.453 -5.453 -5.453 5.453
0 0 96 9/6/2009 0:00 5506.117 2499.777 -5.130 -5.130 -5.130 5.130
0 0 97 9/7/2009 0:00 5494.817 2494.647 -3.657 -3.657 -3.657 3.657
0 0 98 9/8/2009 0:00 5486.763 2490.990 -4.536 -4.536 -4.536 4.536
0.5762 14.635 0 99 9/9/2009 0:00 5476.772 2486.454 13.073 13.073 -1.562 1.562
0.2738 6.9545 0 100 9/10/2009 0:00 5505.568 2499.528 4.062 4.062 -2.893 2.893
0 0 101 9/11/2009 0:00 5514.515 2503.590 -4.882 -4.882 -4.882 4.882
0 0 102 9/12/2009 0:00 5503.761 2498.707 -3.653 -3.653 -3.653 3.653
0 0 103 9/13/2009 0:00 5495.714 2495.054 -4.146 -4.146 -4.146 4.146
0 0 104 9/14/2009 0:00 5486.581 2490.908 -4.050 -4.050 -4.050 4.050
0 0 105 9/15/2009 0:00 5477.661 2486.858 -4.035 -4.035 -4.035 4.035
0 0 18.925 106 9/16/2009 0:00 5468.773 2482.823 13.865 13.865 -5.060 5.060
0.22 5.588 0 107 9/17/2009 0:00 5499.313 2496.688 4.824 4.824 -0.764 0.764
0.8 20.32 0 108 9/18/2009 0:00 5509.938 2501.512 19.493 19.493 -0.827 0.827
0 0 109 9/19/2009 0:00 5552.874 2521.005 -4.168 -4.168 -4.168 4.168
1.04 26.416 0 110 9/20/2009 0:00 5543.693 2516.837 38.735 38.735 12.319 -12.319
0 0 111 9/21/2009 0:00 5629.012 2555.571 -3.296 -3.296 -3.296 3.296
0 0 112 9/22/2009 0:00 5621.751 2552.275 -3.149 -3.149 -3.149 3.149
0.21 5.334 0 113 9/23/2009 0:00 5614.814 2549.126 2.370 2.370 -2.964 2.964
0 0 114 9/24/2009 0:00 5620.035 2551.496 -2.485 -2.485 -2.485 2.485
0 0 115 9/25/2009 0:00 5614.561 2549.011 -2.088 -2.088 -2.088 2.088
0.33 8.382 0 116 9/26/2009 0:00 5609.962 2546.923 7.800 7.800 -0.582 0.582
0 0 117 9/27/2009 0:00 5627.142 2554.722 -4.042 -4.042 -4.042 4.042
0 0 118 9/28/2009 0:00 5618.240 2550.681 -2.898 -2.898 -2.898 2.898
0 0 119 9/29/2009 0:00 5611.856 2547.783 -3.795 -3.795 -3.795 3.795




0 0 121 10/1/2009 0:00 5601.976 2543.297 -1.765 -1.765 -1.765 1.765
0 0 122 10/2/2009 0:00 5598.088 2541.532 0.732 0.732 0.732 -0.732
0 0 123 10/3/2009 0:00 5599.701 2542.264 -2.272 -2.272 -2.272 2.272
0.02 0.508 0 124 10/4/2009 0:00 5594.696 2539.992 -0.018 -0.018 -0.526 0.526
1.07 27.178 0 125 10/5/2009 0:00 5594.656 2539.974 32.404 32.404 5.226 -5.226
0 0 126 10/6/2009 0:00 5666.030 2572.378 -0.898 -0.898 -0.898 0.898
0.01 0.254 0 127 10/7/2009 0:00 5664.051 2571.479 -1.595 -1.595 -1.849 1.849
0 0 128 10/8/2009 0:00 5660.538 2569.884 -1.631 -1.631 -1.631 1.631
0 0 129 10/9/2009 0:00 5656.946 2568.253 -1.006 -1.006 -1.006 1.006
0 0 130 10/10/2009 0:00 5654.731 2567.248 -1.927 -1.927 -1.927 1.927
0 0 131 10/11/2009 0:00 5650.487 2565.321 -0.668 -0.668 -0.668 0.668
0.82 20.828 0 132 10/12/2009 0:00 5649.016 2564.653 22.793 22.793 1.965 -1.965
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Table E-3.  ET seasonal ammouts for all methods. 
 
Date DAP P-M Cummulative Pan Pan Pan Cummulative Jensen-Hayes Cummulative Grass Lysimeter Cummulative Cotton Lysimeter Cummulative
P-M Epan Epan Eto Pan EnvHyd J-H Eto Grass Etc Cotton
(mm) (mm) (cm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
6/13/2009 11 4.679 4.679 0.735 7.348 5.290 6.099 6.423 6.635 -8.708 -8.708 8.281 8.281
6/14/2009 12 4.094 8.773 0.754 7.536 5.426 12.354 5.663 12.758 1.742 -6.966 3.858 12.140
6/15/2009 13 4.442 13.215 0.665 6.649 4.787 17.873 6.939 15.805 3.048 -3.918 5.955 18.094
6/16/2009 14 4.663 17.878 0.875 8.753 6.302 25.137 5.982 20.204 5.515 1.597 4.716 22.810
6/17/2009 15 3.674 21.552 0.313 3.131 2.254 27.736 4.979 24.497 2.560 4.157 0.113 22.923
6/18/2009 16 4.500 26.052 0.336 3.360 2.419 30.525 6.204 28.048 2.684 6.841 3.321 26.244
6/19/2009 17 4.720 30.772 0.060 0.595 0.429 31.019 6.256 33.589 5.555 12.396 7.101 33.346
6/20/2009 18 5.589 36.362 1.020 10.199 7.343 39.485 6.847 39.530 4.326 16.722 1.710 35.056
6/21/2009 19 4.569 40.931 0.791 7.915 5.698 46.054 4.864 45.358 2.855 19.577 3.178 38.234
6/22/2009 20 4.516 45.446 0.791 7.911 5.696 52.620 5.447 51.099 3.667 23.244 4.529 42.762
6/23/2009 21 5.138 50.585 0.895 8.948 6.442 60.047 7.582 56.226 6.018 29.263 -3.920 38.843
6/24/2009 22 3.666 54.251 0.632 6.320 4.550 65.292 4.900 62.648 2.743 32.006 3.337 42.180
6/25/2009 23 4.134 58.385 0.798 7.976 5.743 71.912 5.825 68.311 3.619 35.625 5.833 48.013
6/26/2009 24 5.577 63.962 0.903 9.029 6.501 79.406 6.838 75.250 2.268 37.893 5.076 53.088
6/27/2009 25 5.943 69.906 0.899 8.986 6.470 86.865 6.664 81.233 4.606 42.499 4.095 57.183
6/28/2009 26 5.091 74.997 0.864 8.644 6.224 94.039 6.999 86.211 3.511 46.010 5.252 62.435
6/29/2009 27 5.452 80.449 1.009 10.089 7.264 102.414 6.877 92.415 6.287 52.297 7.243 69.678
6/30/2009 28 5.707 86.156 1.193 11.935 8.593 112.319 7.666 98.671 4.835 57.132 6.177 75.855
7/1/2009 29 6.098 92.254 1.080 10.802 7.777 121.285 7.111 105.518 3.599 60.731 8.249 84.103
7/2/2009 30 6.495 98.748 1.339 13.390 9.641 132.399 7.834 110.381 6.342 67.073 6.622 90.726
7/3/2009 31 5.463 104.212 0.911 9.105 6.556 139.956 6.934 115.828 5.229 72.302 5.226 95.951
7/4/2009 32 5.164 109.376 0.795 7.950 5.724 146.555 6.838 123.410 2.265 74.567 2.976 98.928
7/5/2009 33 3.492 112.867 -1.005 3.239 2.332 149.243 3.282 128.311 -0.287 74.280 1.248 100.176
7/6/2009 34 4.178 117.046 -0.147 -1.471 -1.059 148.022 4.969 134.136 -2.839 71.441 -0.480 99.696
7/7/2009 35 3.509 120.555 0.631 6.307 4.541 153.256 4.156 140.974 1.131 72.572 5.983 105.680
7/8/2009 36 3.345 123.900 0.465 4.648 3.347 157.114 4.072 147.638 2.206 74.778 4.180 109.860
7/9/2009 37 4.237 128.137 0.677 6.770 4.874 162.733 5.139 154.637 2.789 77.566 7.649 117.509
7/10/2009 38 5.281 133.418 0.664 6.644 4.784 168.248 6.700 161.514 6.159 83.726 5.773 123.282
7/11/2009 39 4.462 137.880 1.015 10.146 7.305 176.669 5.982 169.180 3.263 86.989 7.347 130.629
7/12/2009 40 5.233 143.113 0.840 8.396 6.045 183.638 6.020 176.292 2.582 89.571 7.814 138.443
7/13/2009 41 4.363 147.476 0.620 6.201 4.465 188.785 4.726 184.126 4.436 94.007 4.574 143.017
7/14/2009 42 5.381 152.858 0.731 7.312 5.265 194.854 6.755 191.059 3.640 97.647 6.969 149.986
7/15/2009 43 5.154 158.012 0.710 7.100 5.112 200.748 6.836 197.897 3.712 101.360 9.632 159.617
7/16/2009 44 4.192 162.205 -0.695 7.564 5.446 207.026 4.915 201.179 4.433 105.793 9.016 168.633
7/17/2009 45 5.187 167.391 0.803 8.027 5.780 213.688 5.659 206.149 5.155 110.948 8.400 177.033
7/18/2009 46 5.758 173.149 0.875 8.751 6.300 220.951 7.085 210.304 5.149 116.096 11.715 188.748
7/19/2009 47 4.847 177.996 0.716 7.160 5.155 226.894 6.501 214.376 3.686 119.782 8.972 197.720
7/20/2009 48 4.409 182.405 0.631 6.314 4.546 232.134 5.940 219.515 2.964 122.746 8.187 205.907
7/21/2009 49 4.133 186.538 0.477 4.770 3.435 236.093 4.942 226.215 2.888 125.634 8.073 213.980
7/22/2009 50 5.043 191.580 0.697 6.970 5.018 241.878 6.090 232.198 2.812 128.446 7.053 221.033
7/23/2009 51 5.372 196.952 0.542 5.420 3.903 246.377 6.402 238.217 3.026 131.471 8.187 229.221
7/24/2009 52 4.874 201.827 0.670 6.705 4.827 251.942 5.809 242.944 4.606 136.077 9.322 238.543
7/25/2009 53 5.454 207.281 0.810 8.101 5.833 258.666 6.674 249.699 2.350 138.427 9.152 247.695
7/26/2009 54 5.408 212.689 0.740 7.403 5.330 264.810 6.304 256.535 3.627 142.055 8.983 256.678
7/27/2009 55 4.034 216.722 -4.617 7.331 5.278 270.895 4.513 261.450 4.004 146.059 7.807 264.485
7/28/2009 56 5.360 222.082 0.726 7.259 5.226 276.920 6.518 267.109 2.960 149.018 4.885 269.370
7/29/2009 57 4.163 226.245 0.245 2.450 1.764 278.953 4.469 274.194 0.074 149.092 2.048 271.417
7/30/2009 58 4.307 230.552 0.427 4.271 3.075 282.498 4.657 280.695 1.454 150.547 4.543 275.960
7/31/2009 59 4.857 235.409 0.621 6.211 4.472 287.653 5.090 286.635 2.596 153.143 8.062 284.023
8/1/2009 60 3.818 239.228 0.453 4.528 3.260 291.411 4.137 291.577 1.917 155.060 6.165 290.188
8/2/2009 61 2.870 242.098 0.240 2.396 1.725 293.400 2.654 297.667 2.459 157.519 4.512 294.700
8/3/2009 62 4.216 246.314 0.491 4.907 3.533 297.473 4.835 304.069 2.025 159.543 7.641 302.341
8/4/2009 63 5.565 251.878 0.728 7.278 5.240 303.513 6.639 309.878 3.858 163.401 9.282 311.624
8/5/2009 64 5.198 257.077 0.688 6.875 4.950 309.220 5.689 316.552 4.988 168.390 6.291 317.915
8/6/2009 65 5.070 262.147 0.562 5.623 4.049 313.887 5.948 322.856 3.278 171.668 7.620 325.535
8/7/2009 66 5.628 267.776 0.737 7.371 5.307 320.005 6.739 327.369 3.320 174.988 8.948 334.483
8/8/2009 67 5.272 273.047 0.650 6.500 4.680 325.400 6.308 333.887 3.824 178.812 2.362 336.845
8/9/2009 68 5.072 278.119 1.282 12.823 9.233 336.044 6.280 338.357 3.939 182.751 -4.224 332.621
8/10/2009 69 5.869 283.988 0.800 8.003 5.762 342.686 6.627 343.013 4.152 186.903 9.436 342.057
8/11/2009 70 4.641 288.629 0.589 5.892 4.242 347.576 4.371 348.103 2.877 189.780 8.334 350.391
8/12/2009 71 2.096 290.725 -0.194 5.700 4.104 352.307 2.027 352.240 0.262 190.043 7.232 357.623
8/13/2009 72 4.054 294.779 0.551 5.509 3.966 356.880 4.751 354.894 3.615 193.657 -3.643 353.979
8/14/2009 73 4.885 299.664 0.710 7.104 5.115 362.776 5.674 359.729 3.394 197.051 5.028 359.008
8/15/2009 74 4.489 304.153 0.560 5.602 4.033 367.426 5.053 366.368 3.993 201.044 6.835 365.842
8/16/2009 75 3.433 307.587 0.462 4.618 3.325 371.259 3.566 372.057 0.919 201.963 4.924 370.767
8/17/2009 76 4.396 311.983 0.275 2.753 1.982 373.544 4.590 378.005 2.911 204.874 2.048 372.815
8/18/2009 77 4.110 316.093 0.513 5.133 3.696 377.805 4.633 384.744 3.190 208.064 7.296 380.111
8/19/2009 78 4.029 320.123 0.497 4.969 3.578 381.929 4.435 391.051 2.656 210.720 5.285 385.397
8/20/2009 79 5.258 325.381 0.763 7.632 5.495 388.263 5.533 397.331 3.908 214.628 8.984 394.381
8/21/2009 80 5.328 330.709 0.702 7.023 5.057 394.093 5.611 403.958 4.110 218.738 8.084 402.465




8/23/2009 82 4.855 340.585 0.771 7.707 5.549 406.275 5.799 410.356 4.708 226.974 6.547 416.320
8/24/2009 83 5.184 345.769 0.675 6.749 4.860 411.877 6.236 415.107 4.569 231.542 6.766 423.086
8/25/2009 84 5.035 350.804 0.467 4.667 3.360 415.751 5.396 420.781 3.268 234.811 5.174 428.261
8/26/2009 85 4.708 355.512 0.701 7.007 5.045 421.567 5.093 425.834 2.892 237.703 2.500 430.761
8/27/2009 86 2.277 357.790 0.182 1.823 1.313 423.080 2.153 429.401 0.947 238.650 1.470 432.231
8/28/2009 87 2.289 360.079 0.252 2.524 1.817 425.175 1.905 433.991 1.263 239.913 4.134 436.365
8/29/2009 88 5.005 365.084 0.625 6.251 4.500 430.363 5.237 438.623 3.694 243.607 8.493 444.858
8/30/2009 89 5.345 370.429 0.572 5.717 4.116 435.108 5.003 443.058 3.357 246.965 7.106 451.964
8/31/2009 90 3.677 374.106 0.433 4.335 3.121 438.706 3.518 448.591 1.895 248.860 4.068 456.033
9/1/2009 91 2.559 376.665 0.370 3.702 2.665 441.778 2.077 454.202 3.351 252.211 3.700 459.732
9/2/2009 92 5.117 381.782 0.713 7.135 5.137 447.700 4.999 459.548 2.861 255.072 6.026 465.758
9/3/2009 93 5.813 387.595 0.774 7.735 5.570 454.121 5.613 465.347 5.214 260.286 5.612 471.370
9/4/2009 94 5.393 392.987 0.650 6.503 4.682 459.518 5.289 471.583 6.473 266.759 5.712 477.083
9/5/2009 95 5.172 398.159 0.649 6.493 4.675 464.907 4.831 476.978 8.627 275.386 5.453 482.536
9/6/2009 96 5.936 404.095 0.891 8.909 6.415 472.302 5.134 482.072 1.405 276.791 5.130 487.666
9/7/2009 97 5.090 409.185 0.630 6.302 4.538 477.533 4.293 484.224 -5.818 270.973 3.657 491.322
9/8/2009 98 5.121 414.306 0.655 6.552 4.717 482.971 4.782 486.129 -0.307 270.666 4.536 495.858
9/9/2009 99 4.045 418.351 0.581 5.811 4.184 487.795 3.643 491.366 -0.465 270.201 1.562 497.420
9/10/2009 100 3.674 422.025 0.398 3.984 2.869 491.102 3.406 496.369 270.201 2.893 500.313
9/11/2009 101 4.096 426.121 0.520 5.196 3.741 495.415 4.458 499.887 270.201 4.882 505.195
9/12/2009 102 3.886 430.008 0.514 5.136 3.698 499.677 4.220 501.964 18.318 288.519 3.653 508.849
9/13/2009 103 4.257 434.265 0.550 5.499 3.960 504.242 4.217 506.963 11.999 300.518 4.146 512.995
9/14/2009 104 4.404 438.669 0.540 5.402 3.889 508.725 4.493 512.576 5.680 306.198 4.050 517.045
9/15/2009 105 3.772 442.441 0.582 5.818 4.189 513.554 3.863 517.865 18.274 324.472 4.035 521.080
9/16/2009 106 4.168 446.609 0.603 6.034 4.344 518.562 3.971 522.695 9.393 333.865 5.060 526.140
9/17/2009 107 2.960 449.569 -0.102 -1.023 -0.737 517.713 2.352 527.830 1.853 335.718 0.764 526.904
9/18/2009 108 3.471 453.040 0.429 4.286 3.086 521.270 3.290 532.123 -5.686 330.032 0.827 527.731
9/19/2009 109 4.164 457.204 0.609 6.089 4.384 526.324 4.233 536.904 2.856 332.888 4.168 531.899
9/20/2009 110 2.904 460.109 -0.428 5.390 3.881 530.797 2.341 540.548 6.578 339.465 3.732 535.632
9/21/2009 111 4.541 464.650 0.469 4.691 3.377 534.691 4.185 543.953 10.299 349.764 3.296 538.928
9/22/2009 112 4.776 469.425 0.711 7.105 5.116 540.588 4.879 548.412 12.889 362.653 3.149 542.077
9/23/2009 113 3.023 472.448 0.075 0.752 0.541 541.212 2.561 552.632 4.048 366.701 2.964 545.041
9/24/2009 114 4.171 476.619 0.533 5.331 3.838 545.637 4.441 556.850 -4.792 361.909 2.485 547.526
9/25/2009 115 4.427 481.046 0.567 5.669 4.082 550.342 4.514 561.343 7.806 369.715 2.088 549.614
9/26/2009 116 1.930 482.976 -0.067 7.252 5.221 556.361 1.637 565.206 -1.882 367.834 0.582 550.196
9/27/2009 117 4.509 487.485 0.883 8.834 6.361 563.694 4.167 569.177 5.566 373.400 4.042 554.238
9/28/2009 118 5.609 493.094 0.472 4.718 3.397 567.610 4.369 571.529 4.639 378.039 2.898 557.136
9/29/2009 119 4.881 497.974 0.984 9.844 7.088 575.780 5.003 574.819 3.711 381.750 3.795 560.931
9/30/2009 120 4.033 502.007 0.552 5.518 3.973 580.360 4.436 579.053 -3.462 378.288 0.691 561.622
10/1/2009 121 4.145 506.152 0.368 3.679 2.649 583.414 4.252 581.393 -0.213 378.075 1.765 563.387
10/2/2009 122 2.766 508.918 0.216 2.162 1.557 585.208 2.251 585.578 1.457 379.532 2.019 565.406
10/3/2009 123 4.347 513.265 0.610 6.103 4.394 590.274 3.673 590.457 6.803 386.334 2.272 567.678
10/4/2009 124 3.050 516.314 0.289 2.889 2.080 592.671 2.560 593.018 -0.253 386.081 0.526 568.204
10/5/2009 125 1.100 517.415 -0.374 1.686 1.214 594.071 0.543 597.459 0.448 386.529 -5.226 562.978
10/6/2009 126 1.835 519.250 0.048 0.483 0.347 594.471 1.464 601.973 1.150 387.679 0.898 563.877
10/7/2009 127 2.973 522.222 0.298 2.980 2.146 596.945 1.893 603.610 1.410 389.090 1.849 565.726
10/8/2009 128 4.264 526.487 0.693 6.928 4.988 602.695 3.745 607.778 1.250 390.340 1.631 567.356
10/9/2009 129 3.773 530.260 0.273 2.733 1.967 604.963 2.968 612.147 7.548 397.888 1.006 568.362
10/10/2009 130 3.127 533.387 0.443 4.430 3.189 608.640 2.132 617.149 4.280 402.168 1.927 570.289
10/11/2009 131 2.775 536.163 0.448 4.480 3.225 612.358 2.809 621.586 1.013 403.181 0.668 570.957
10/12/2009 132 0.942 537.104 -0.010 -0.103 -0.074 612.273 0.412 625.837 5.762 408.943 -1.965 568.992
AVERAGE 4.402 0.5129 5.1288 5.0186 4.869368347 3.407854258 4.663865893




Suggestions for Future Work 
 
Further calibrations should be performed for capacitance probes on different soil 
types.  The effect of slurry versus direct installation methods for AquaSpy soil moisture 
sensors should be further studied.     
Using the methods discussed in this paper, a study should be carried out using 
existing data to directly compare the irrigation scheduling results using capacitance based 
sensors, optically based sensors, and pan evaporation, lysimetry, and weather data using 
the newly developed crop coefficient. 
Daily plant NDVI, soil moisture sensor data, and ET should be collected during 
cotton growing season and compared to identify and possibly quantify any cumulative 
effects from soil moisture and ET on NDVI.  More work should be performed to compare 
optical sensor based irrigation scheduling with sensor-based and ET based irrigation 
scheduling. 
Further data should be collected to obtain more lysimeter and pan evaporation 
data for developing crop coefficient for cotton under southeastern climate.  Work may 
have to be done to control the plant height and other morphological properties.  Nutrient 
and soil properties should be monitored and adjusted to allow the inner lysimeter soil to 
be the same as the surrounding soils.  Irrigation should be managed to ensure that the 
water applied inside and outside the lysimeter is the same. 
An electronic rain gauge could be added to the extra channel of the cotton 
lysimeter logger to eliminate the immediate need to read a visual rain gauge every day 
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and minimize the discrepancies occurring over night and through the weekends when 
visual readings would be difficult.  Further instrumentation could be added into the field 
and surroundings fields to expand the wireless data network. 
